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PREFACE 

The Fourth International Scientific Conference “Alternative Energy Sources, Materials & 

Technologies AESMT’21” was held between 14th and 15th June 2021 in Ruse, Bulgaria. 

Representatives of 34 countries (Australia, Austria, Bulgaria, Chile, China, Cyprus, Egypt, France, 

Germany, Greece, Hungary, India, Iran, Iraq, Israel, Italy, Kazakhstan, Kosovo, Kuwait, Latvia, 

Lebanon, Lithuania, Macedonia, Nigeria, Norway, Portugal, Romania, Russia, Serbia, Spain, 

Tajikistan, Turkey, United Kingdom, Yemen) sent their works to the conference. Some of the 

reports (9 works) have been selected and are published after international peer-review in the present 

Special Issue of the journal “Bulgarian Chemical Communications”. 

It is our pleasure to be guest editors of the presented articles, which focus on new international 

scientific results in the field of Alternative Energy Sources, Materials and Technologies (Energy 

Materials Science, Storages with Phase Change Materials, Shallow Geothermal Energy 

Applications, Energy Efficiency, Solar Photovoltaic Systems, Low-Carbon Technologies, 

Mechanical Engineering and Technologies, and Electrical Engineering). 

Prof. Aleksandar Georgiev, DSc (Institute of Chemical Engineering, Bulgarian Academy of 

Sciences, Sofia, Bulgaria) 

Assoc. Prof. Daniela Dzhonova-Atanasova (Institute of Chemical Engineering, Bulgarian 

Academy of Sciences, Sofia, Bulgaria) 

Guest editors of the present Special Issue 
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Dual-phase steels with low manganese content. Structures and mechanical properties 

C. Dulucheanu1, T.L. Severin1, *, D.A. Cerlinca1, L. Irimescu1, J. Javorova2 

1Faculty of Mechanical Engineering, Mechatronics and Management & Research Center MANSiD, University "Stefan 

cel Mare" of Suceava, Romania 
2University of Chemical Technology and Metallurgy, Bulevard Sveti Kliment Ohridski 8, 1756 Studentski Kompleks, 

Sofia, Bulgaria 
 

This article are presented the results of studies conducted to determine the influence of the intercritical heating temperature on the 

structure and mechanical properties of the dual-phase steels with low manganese content (0,511% Mn, respectively 0,529% Mn). The 

ferrite-martensitic structures, specific for dual-phase steels, were obtained by intercritical quenching, which consisted of heating the 

samples to temperatures located between critical points Ac1 and Ac3 (760, 780, 800, and 820 °C), followed by cooling in water. With 

the help of metallographic analyses, the volume fraction of martensite and ferrite microhardness from the structures were determined, 

and by tensile testing, the ultimate tensile strength and the total elongation were established. The results obtained for the two dual-

phase steels with low manganese content were compared with those determined in previous research, performed on a dual-phase steel 

with 1.90% Mn. 

Keywords: dual-phase steel, intercritical quenching, ferrite-martensite structure, mechanical properties 

INTRODUCTION 

“Advanced High-Strength Steels” (AHSS) 

developed for the automotive industry uniquely 

satisfy safety, efficiency, emissions, 

manufacturability, durability, and cost 

requirements; these alloys are characterized by 

structures and metallurgical properties that allow 

automakers to meet the diverse functional 

requirements of today’s vehicles. The AHSS family 

includes, in addition to Complex-Phase (CP), 

Ferritic-Bainitic (FB), Martensitic (MS), 

Transformation-Induced Plasticity (TRIP), Hot-

Formed (HF), Twinning-Induced Plasticity (TWIP), 

and the dual-phase steels (DP), alloys extensively 

used to manufacture crumple zone to the body 

structure of a vehicle, closures, hood, doors, front 

and rear rails, beams and cross members, cowl 

inner and outer, crush cans, shock towers, fasteners, 

and wheel; it is estimated that in the coming years 

(until 2030), a percentage of 30 to 32% of the body 

of a car will be made of dual-phase steels. These 

materials, in general, a percentage of carbon less 

than 0.12 %, a content of manganese between 1.0 

% and 3.5 %, and elements such as V, Cr, Mo, Si, 

Nb, Ti are to be found in chemical composition in 

proportions situated below 1%; in the last years, to 

reduce cars costs, there have been studied steels in 

which the content of manganese was less than 1 % 

(0.5 to 1 % Mn). One of the technologies applied to 

produce  these  steels is  intercritical quenching, the  
 

* To whom all correspondence should be sent: 

severin.traian@usm.ro 

structure resulting from the application of this 

technology being influenced by both the chemical 

composition of the steel and the technological 

parameters of the heat treatment, especially the 

heating (quenching) temperature. At the same time, 

the mechanical properties depend in a decisive way 

on the quantitative ratio and the morphology of the 

structural components that are formed as a result of 

the thermal processing process, [1-14]. Therefore, 

the influence of the heat treatment technological 

parameters on the structure and properties of a 

dual-phase steel must be established. 

The dual-phase steels have been studied at the 

Faculty of Mechanical Engineering, Mechatronics 

and Management from University "Stefan cel 

Mare" of Suceava since 1992, and over the years 

researches has been conducted on several 

categories of alloys, [14, 15]; in recent years, 

research has been carried out on dual-phase steels 

with low content of manganese, [12, 13, 16, 17], in 

this article being presented results obtained for two 

such alloys. 

EXPERIMENTAL DETAILS 

The chemical compositions of the two studied 

alloys (denoted DPS-A and DPS-B) were 

determined with a FOUNDRY-MASTER Xpert 

Spectrophotometer (Oxford Instruments Analytical 

GmbH, Germany), they being (wt. %), [6, 10]: 

• DPS-A: Fe, 0.087 C, 0.511 Mn, 0.091 Si, 

0.0036 P, 0.0039 S, 0.029 Cr, 0.005 Mo, 0.049 Ni, 

0.003 Al, 0.082 Cu, 0.003 V, 0.003 W; 

• DPS-B: Fe, 0.101 C, 0.529 Mn, 0.091 Si, 

© 2021 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 
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0.0032 P, 0.0037 S, 0.036 Cr, 0.005 Mo, 0.015 Ni, 

0.003 Al, 0.015 Cu, 0.011 Pb, 0.003 V, 0.003 W. 

The initial structures of these alloys were 

composed of 85.30% ferrite and 14.70% pearlite for 

DPS-A steel, respectively 83.90% ferrite and 

16.10% pearlite for DPS-B steel, [13, 17]. 

In intercritical quenching applied to 

hypoeutectoid steels, knowing the critical points 

Ac1 and Ac3 is particularly important, the success 

of these heat treatments depending on the accuracy 

of this data. In the case of the studied alloys, the 

critical points in solid-state phase transformation 

(Ac1 and Ac3) required to establish heating 

temperatures at the intercritical quenching, were 

determined by dilatometric analyses performed 

with a DIL 402 Expedis-SUPREME Dilatometer 

(NETZSCH Gerätebau GmbH, Germany), the 

values obtained being: Ac1 = 724.00 C and Ac3 = 

899.40 C for DPS-A steel, Ac1 = 725.10 C and 

Ac3 = 898.90 C for DPS-B steel, [13, 17-19]. 

In order to obtain ferrite-martensite structure 

characteristic to dual-phase steels, samples of the 

two alloys were subjected to intercritical quenching 

at which the heating temperatures (TQ) had the 

following values, (established according to position 

of the critical points in the solid-state phase 

transformation): 760, 780, 800 and 820 C. The 

heating was conducted in an electric laboratory 

furnace Nabertherm LT 40/11/P330 (Nabertherm 

GmbH, Germany), at constant values of the TQ 

temperature, for 30 minutes. The cooling was 

performed in water with the temperature of 20 C 

(without mechanical agitation), in an LBS 2 bath 

(Falc Instruments S.R.L., Italy), [13, 17]. 

After quenching, the samples were subjected to 

metallographic analyses in order to determine the 

volume fraction of martensite (VM) in the 

structures, the morphology, and distribution of this 

phase; the analyses were performed with a LEXT 

OLS4100 Laser Microscope, (Olympus 

Corporation, Japan) and OLYMPUS Stream 

MOTION Image Analysis Software. The ferrite-

martensite structures were highlighted by the 

following metallographic etchant: picric acid 4 % 

solution in alcohol (etching time - 60 seconds) and 

then nital 2% (etching time - 5 seconds); after the 

metallographic etchant, on micrographics, the 

martensite appeared as "dark" regions and the 

ferrite beads as the "white" regions, [20]. These 

analyses were completed by measuring the ferrite 

microhardness, determinations that were made with 

a MicroHardness Tester DuraScan 70 (Emco 

Prüfmaschinen-Test GmbH, Austria), the test load 

of the Vickers indenter being 0.098 N (0.01 kgf). 

Five micrographs and five microhardness 

measurements were performed on each 

metallographic sample. 

In order to determine the influence of heating 

temperatures (TQ) from the intercritical quenching 

on mechanical properties, specimens with ferrite-

martensite structures obtained by applying the heat 

treatments described above were subjected to ten-

sile testing, which determined the ultimate tensile 

strength (Rm) and the total elongation (A5). These 

tests have been carried out on a QUASAR 600 

universal testing machine (Cesare GALDABINI 

SpA, Italy). Cylindrical specimens with a diameter 

of 5 mm and an initial length between markers (in 

the calibrated portion) of 25 mm were used (ten 

samples for each heating temperature). 

RESULTS AND DISCUSSIONS 

In a dual-phase steel, the mechanical 

characteristics are influenced by both the volume 

fraction of martensite, and the properties of the 

ferrite, [2-5]; therefore, in order to analyse the 

influence of the intercritical heating temperature on 

the mechanical properties of the DPS-A and DPS-B 

steels, on samples intercritical quenched, the 

volume fraction of martensite (VM) and the ferrite 

microhardness (HV0.01), were determined, the 

results being presented in Tab.1, Figs. 1 and 2. 

Raising the heating temperature (TQ) has led to 

an increase in the volume fraction of martensite 

(VM) in structures (Tab.1 and Fig.1), because 

raising the TQ temperature in the intercritical range 

(Ac1 - Ac3) has determined an increase in the 

volume fraction of austenite, phase which, by 

quenching has turned into martensite; thus, in the 

DPS-A steel samples, the volume fraction of 

martensite (VM) increased with 16.79 percent, from 

20.19% (TQ = 760 ºC) to 36.98% (TQ = 820 ºC), 

whereas in the samples of DPS-B steel it increased 

with 16.03 percent, from 22.10% (TQ = 760 ºC) to 

38.13% (TQ = 820 ºC). 

In the structures obtained by quenching from TQ 

= 760 C (Fig.3) the martensite was in the form of 

small islands, situated mainly at the boundaries of 

the ferrite grains. Most of these martensite islands 

were located in regions where, in initial structure, 

has been perlite; by heating (over Ac1) the pearlite 

was dissolved into austenite, which, through 

quenching was transformed into martensite. 

Through this mechanism has formed a volume 

fraction of martensite (VM) of approx. 14.70% in 

the case of DPS-A steel, respectively 16.10% in the 

case of DPS-A steel, i.e. the equivalent of the volu-

me fraction  of  pearlite from the original structures. 
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Table 1. Volume fraction of martensite and ferrite microhardness (average values) 

TQ, C 760 780 800 820 

Steel DPS-A DPS-B DPS-A DPS-B DPS-A DPS-B DPS-A DPS-B 

VM, % 20.19 22.10 23.83 25.51 29.41 30.40 36.98 38.13 

HV0.01 170.43 184.77 182.37 194.63 188.54 199.28 192.11 202.53 

 

 

Fig.1. Influence of the heating temperature on the 

volume fraction of martensite. 

 

 

Fig.2. Influence of the heating temperature on the 

ferrite microhardness. 

Other martensite islands (the difference up to 

20.19% for DPS-A steel, respectively 22.10% for 

DPS-B steel, Tab.1) have been formed from the 

austenite obtained by the allotropic transformation 

of the ferrite. Raising the heating temperature (TQ), 

from 760 C at 780, 800 and 820 C determined an 

increase in the volume fraction of austenite that was 

formed by the allotropic transformation of the 

ferrite, which generated an increasing volume 

fraction of martensite that resulted by quenching. In 

the same time with the rising of the volume fraction 

 

 

 

Fig.3. Structures of the dual-phase steels. 

of martensite in structures (and decreasing the 

volume fraction of ferrite), an increase in the size of 

the martensite islands is observed (Fig.3), as well as 

a tendency of their connection and the formation of 

a network around the ferrite grains. 

The raising of the heating temperature (TQ) also 

determined an increase of ferrite microhardness 

(Tab.1 and Fig.2). The increasing ferrite 

microhardness was caused, most probably, by an 

DPS-A/TQ = 760 °C 

DPS-B/TQ = 820 °C 

Martensite 

Ferrite 

Ferrite 

Martensite 

40 m 

40 m 
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increase in the amount of interstitial atoms (C, N) 

and density of dislocations in the crystal lattice 

ofthis phase, [5, 13, 17, 21]. 

The results obtained from the tensile testing 

applied to the intercritical quenched specimens are 

presented in Tab.2 and Figs.4 - 7. 

Table 2. Ultimate tensile strength and total elongation (average values) 

TQ, C 760 780 800 820 

Steel DPS-A DPS-B DPS-A DPS-B DPS-A DPS-B DPS-A DPS-B 

Rm, MPa 631 638 661 673 684 699 701 718 

A5, % 24.46 23.29 22.01 20.95 20.08 19.29 19.04 18,59 
 

 

Fig.4. Influence of the heating temperature on the 

ultimate tensile strength. 

 

Fig.5. Influence of the heating temperature on the total 

elongation. 

Raising the heating temperature (TQ), so the 

increase in the volume fraction of martensite (VM) 

and ferrite microhardness (HV0.01), has led to 

increasing of the strength characteristics (Rm) and 

the decrease of deformability (A5). Thus, the 

ultimate tensile strength (Rm), determined for the 

specimens made of the DPS-A steel, increased with 

70 MPa, from 631 MPa (TQ = 760 C) to 701 MPa 

(TQ  =   820  C),   and   the   total   elongation   (A5) 

 

 

Fig.6. Influence of the volume fraction of martensite 

on the ultimate tensile strength.  

 

Fig.7. Influence of the volume fraction of martensite on the 

total elongation. 

decreased with 5.42 percent, from 24.46% (TQ = 

760 C) to 19.04% (TQ  = 820 C); in the case of 

DPS-B steel specimens, the ultimate tensile 

strength (Rm) increased with 80 MPa, from 638 

MPa (TQ = 760 C) to 718 MPa (TQ  = 820 C), and 

the total elongation (A5) decreased with 4.70 

percent, from 23.29% (TQ = 760 C) to 18.59% (TQ 

= 820 C). 
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The slightly higher carbon and manganese 

content of DPS-B steel (compared to DPS-A steel) 

determined the obtaining of slightly higher values 

of the volume fraction of martensite in the 

structure, with effect on the ultimate tensile 

strength and total elongation; for example, for TQ = 

760 C the ultimate tensile strength was 638 MPa 

compared to 631 MPa and the total elongation was 

23.29% compared to 24.46%, and for TQ = 520 C 

the ultimate tensile strength was 718 MPa 

compared to 701 MPa and the total elongation of 

18.59% compared to 19.04%. 

The results obtained for the two dual-phase 

steels with low manganese content (DPS-A and 

DPS-B) were compared with those determined 

from previous research (Tab.3, [14, 15]), performed 

on dual-phase steel with 1.90% Mn (0.09% C, 

1.90% Mn, 0.06% Si, 0.10% Cr, 0.09% Ni, 0.03% 

Mo, 0.012% Al, 0.15% Cu, 0.019% P, 0.011% S), 

alloy noted DPS1.90Mn in this article. The higher 

manganese content determined a lower position of 

the critical points Ac1 and Ac3 (Ac1 = 703 C, Ac3 = 

839 C) compared to the DPS-A and DPS-B alloys 

and for this reason, the intercritical quenching of 

DPS1.9Mn steel was performed from temperatures 

between 740 and 820 C (compared to 760 – 820 C 

for DPS-A and DPS-B alloys). 

Table 3. The volume fraction of martensite and 

mechanical properties for the DPS1.90Mn (average values). 

TQ, C VM, % Rm, MPa A5, % 

740 25.10 883 16.68 

760 42.51 957 15.18 

780 57.10 1018 14.04 

800 68.32 1086 12.99 

820 78.10 1135 12.06 

There are important differences between the two 

data sets (Tabs.1 – 3, Figs.8 and 9), differences 

determined by the very different manganese content 

of the two categories of steels. In DPS1.9Mn steel, the 

position of the critical points Ac1 and Ac3 led to the 

obtaining, by intercritical heating, of a higher 

amount of austenite, which determined the 

formation, on quenching, of a higher the volume 

fraction of martensite; thus, for the temperature 

range 760 – 820 C, the volume fraction of 

martensite in the structure was higher by 

percentages between 22.32 and 41.12%. Because of 

this, the values of ultimate tensile strength and total 

elongation at DPS-A and DPS-B steels were much 

different from those of DPS1.90Mn steel; the total 

elongation was higher with percentages between 

9.28 and 6.98% and the ultimate tensile strength 

was lower with values between 326 and 434 MPa. 

0
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Fig.8. Influence of the heating temperature on the 

ultimate tensile strength of the dual-phase steels (DPS-A, 

DPS-B, and DPS1.9Mn). 
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Fig.9. Influence of the heating temperature on the total 

elongation of the dual-phase steels (DPS-A, DPS-B, and 

DPS1.9Mn). 

CONCLUSIONS 

The increase of the heating temperature in the 
intercritical range (Ac1 - Ac3), between 760 C and 
820 C, led to the increase of the volume fraction of 
martensite and the ferrite microhardness in the 
structures resulting from intercritical quenching; 
this fact has increased the mechanical strength and 
reduced the deformability of the dual-phase steels. 

The slightly higher carbon and manganese 

content of DPS-B steel (compared to DPS-A steel) 

determined the obtaining of slightly higher values 

of the volume fraction of martensite in the 

structure, with effect on the ultimate tensile 

strength and total elongation; the ultimate tensile 

strength  was higher by 7 to 17 MPa, and the total 

elongation was lower by percentages between 1.17 

and 0.45%. 
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Compared to the mechanical properties of a 

dual-phase steel with 1.90% Mn (a "classic" dual-

phase steel), low manganese steels (0.511% Mn and 

0.529% Mn) had much different values of the 

ultimate tensile strength and total elongation; the 

ultimate tensile strength was lower by 326 to 434 

MPa, and the total elongation was higher by 

percentages between 9.28 and 6.98%. 
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NOMENCLATURE 

Ac1 - critical point, C; 

Ac3 - critical point, C; 

TQ - heating temperatures from the intercritical 

quenching, C; 

VM - the volume fraction of martensite, %; 

HV0.01 - ferrite microhardness; 

Rm - ultimate tensile strength, MPa; 

A5 - total elongation, %; 

DPS-A - dual-phase steel with 0.511% Mn; 

DPS-B - dual-phase steel with 0.529% Mn; 

DPS1.90Mn - dual-phase steel with 1.90% Mn. 
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Recycling rejected silicon wafers and dies for high grade PV cells  

G. Golan1, M. Azoulay1, G. Orr2* 

1Electrical and Electronics Dept., Ariel University, Ariel 40700, Israel 
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Exponential growth in solar panel production and energy storage solutions has resulted in pressure on the supply of solar cell 

materials. Another environmental challenge stems from the fact that panels installed in the 90s and the beginning of the 2000s have 

reached their end of life and are being discarded in landfills. Hence, in this work, we focus on recycling silicon wafers and dies by 

stripping previous structures from the die using potent acids, after which its base material is characterized and binned. We 

demonstrate the process for silicon p-type substrates where n-type doping is attained by using a simple solution of phosphoric acid, 

which is diffused into the substrate using a furnace, thus creating a PN junction. If the substrate is n-type, it could be replaced by 

boric acid. This is followed by deposition of a conductive antireflective coating, bus bars, and rear wafer metal coating. The initial 

demonstrated laboratory results indicate the feasibility of recycling wafers using simple, low-cost standard industrial methods. 

Keywords: PV, Silicon Recycling, solar cell recycling 

 

INTRODUCTION 

Renewable energy sources for electrical energy 

generation have become an increasing concern in 

most countries due to the environmental impact 

associated with the use of fossil fuels. In addition, 

reducing a country’s dependence on fossil fuel 

further increases its self-reliance and improves a 

nations balance of trade, thus boosting its economy. 

Some countries have initiated programs increasing 

economic incentives to companies and individual 

households for developing, improving efficiencies, 

or increasing the capacity of renewal energy 

sources. In a recent report [1] the International 

Renewable Energy Agency estimates the current 

cost of PV electrical generation at optimal 

locations, has reached prices that are comparable to 

the lower end of fossil fuel costs. The various steps 

of manufacturing solar panels from raw materials 

are energy-intensive and include the use of large 

amounts of water and toxic chemicals. Therefore, 

expecting the rapid growth of silicon used for solar 

energy generation since the late 90s of the previous 

century, research was conducted for initiating 

environmentally benign solar cell manufacturing 

[2]. The predicted increase in solar panel 

production and installations [1] and the 25-year life 

expectancy of a solar panel have initiated various 

End of Life (EOL) management programs [3-6].  
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Fig.1. Cumulative capacity exponential growth 

between 2010 and 2020, based on [7] 

The exponential growth of solar energy 

generation (Fig.1.) having a capacity of 39.2 GW in 

2010, rapidly increasing to 767.2 GW in 2020, and 

expected to rise to 4,500GW by 2050 [6] will lead 

to an increase in PV panel waste. The move to a 

carbon-free and more sustainable energy production 

is being championed by PV-based solar panels. As 

production has been increasing exponentially in the 

past two decades, recycling the raw materials from 

the fabs and end-of-life panels is of prime 

importance. Understanding the negative impact of 

the PV waste and trying to limit it, the EU has 

decided to include PV panels in the waste of 

electrical and electronic equipment directive 

(WEEE). The US is expected to follow soon (Some 

states have adopted the European WEEE). As a 

result PV manufacturers and distributors are legally 

required to collect and recycle end-of-life PV 
© 2021 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 
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products. Most silicon solar cells are based on 

single-crystal silicon (monocrystals) grown by the 

Czochralski technique and polycrystalline silicon 

casting. While there are more efficient materials for 

photovoltaic energy generation than single-crystal 

silicon, they are not commercially viable for large 

area applications. In 2015, crystalline silicon had 

approximately 93% of the market share of solar 

modules, with 24% going to the monocrystals and 

69% going to the polycrystalline solar cells [8]. The 

larger market share of the polycrystalline solar cells 

is due to the significantly lower production costs, 

but this comes at a price of lower efficiency 

compared to the single crystal silicon. For most 

uses, where space or weight is not a concern the 

polycrystalline solar cells are appropriate. In places 

where space and weight are restricted, single crystal 

silicon, due to its higher efficiency is better suited. 

When dealing with monocrystal-based photovoltaic 

cells, higher-quality crystals result in higher 

conversion efficiency, but it comes at an 

economical price. Integrated circuit grade silicon is 

probably the most efficient base material for 

fabricating silicon solar panels due to its low defect 

density, but the lengths and costs for obtaining it 

are prohibitive for its wide application in terrestrial 

energy generation, where the capital investment per 

Watt is the key driving force. To reduce costs solar 

grade silicon monocrystals with a much higher 

level of defects and impurities are being introduced 

[9]. Another concern that needs to be addressed is 

the recycling of the panels when they reach their 

end of life (EOL). In this respect, rare metals and  

silicon cells retain their value and should be 

salvaged using various techniques [4,5]. One 

untapped resource of high quality near defect-free 

silicon is rejected dies and wafers. With an 

estimated 90% yield during full production [10] we 

are left with 10% rejected dies. Currently, state-of-

the-art fabs are producing integrated circuits with 

wafer diameters of 300 mm (12") while the next 

standard size for such fabs, is projected to be 450 

mm (18"). This provides an abundant supply of 

silicon for producing high-quality solar panels. In 

this article, we will present a relatively 

environmentally friendly method for recycling 

silicon from the rejected wafers. 

MATERIALS PREPARATION 

This work based on experiments conducted by 

our groups, suggests a method for recovering 

rejected silicon dies, wafers and residual silicon 

which resides on the rims of the processed wafers. 

In order to keep the text clear, we shall generally 

refer to all the recovered silicon as dies. The 

process results in PN photovoltaic structures 

composed of In2O5Sn / n-Si / p-Si (ITO,n-type 

silicon, p-type silicon). 

Stripping 

The dies were etched in after which the 

conductivity and type were measured. This assists 

us with defining the type of base material to deposit 

prior to diffusion (Phosphorous/Arsenic or 

Boron/Gallium). Similar die types are binned 

together. In this article we shall describe the 

process for a p-type substrate. Standard cleaning 

recipe was applied to the dies with an optional 

oxide strip using between the first step (SC-1) and 

the second step (SC-2). When using those steps, the 

rare metals can be recovered using the processes 

described in [4]. 

Donor/Acceptor diffusion 

The samples were spin coated using a solution 

of 1:1 ratio of phosphoric acid and ethanol 

(H3PO4:C2H5OH). If the substrate is n-type one can 

replace the phosphoric acid with boric acid 

(H3BO3). The samples were place in a furnace with 

an ambient atmosphere pre-baking them at a 

temperature of 150oC for 10 minutes drying the 

newly applied coating. The temperature was raised 

to a temperature of 900oC for 6 hours slowly 

cooling it to a level of 600oC, this procedure allows 

for propper diffusion while reducing destructive 

glass phases. Dopant concentration was evaluated 

using ICP-OES [11] which can trace down to 

approximately Nd~1014 [cm-3]. 

Transparent Conductive Oxide coating 

Although much work was conducted in the past 

20 years, on the topic of environmentally 

sustainable, indium free Transparent Conducting 

Oxides (TCOs), for example [12,13] , in this work 

we used ITO with the standard application 

methods. Transparent conductive films of In2O5Sn 

were deposited by RF sputtering using an ITO 

ceramic (90 wt% In2O3, 10 wt% SnO2). Substrates 

were cleaned using ultra pure deionized water 

isopropyl alcohol and acetone in an ultrasonic 

cleaner bath for 20 minutes. This was followed by 

drying using a flow of nitrogen gas. The RF 

sputtering chamber was purged with Ar and a 

working pressure of 100 mTorr was maintained. 

Surface oxidation was removed in the pre-

13 



G. Golan et al.: Recycling rejected silicon wafers and dies for high grade PV cells  

  

sputtering stage. A film of approximately 250nm 

was deposited on the surface of the materials with 

the procedure tested using microscope slides prior 

to the actual deposition. The deposited film was 

annealed in a tube furnace in an oxygen saturated 

environment supported by a 0.5 sccm gas flow at a 

temperature of 400oC. Optical transparency of the 

In2O5Sn films was measured in the UV/VIS using a 

Jasco V-730. Additionally, it was used in reflective 

mode to measure the film thickness [14] using the 

SLM-907 specular reflectance accessory. Fig.2. 

illustrates the transmission of the glass substrate 

and the ITO deposition on the glass substrate. 

 

Fig.2. Optical transmission of the ITO on a glass 

substrate compared to the transmission of the glass 

substrate 

The optical transmission of the ITO excluding 

the glass substrate in the 420-1100nm range is 

given in Fig.3.  

 

Fig.3. Optical transmission of the ITO excluding the 

glass substrate 

As can be seen in Fig.3, the optical transmission 

at 500nm is 93.6% which compares favorably with 

published data [15,16]. Inkjet printing of the 

collector bus bar and finger aluminum electrodes 

were tested with inconclusive results. As a result 

we opted for the traditional method of applying 

aluminum electrodes by thermal evaporation 

deposition. 

A four-point measurement of the In2O5Sn 

deposited layer resistance was conducted before 

and after the diffusion validating the resistivity of 

the layer. Fig.4. illustrates the resistivity obtained 

using three different samples from three different 

batches. 

 

Fig.4. Resistivity of the ITO deposited layer of three 

different batches as extracted from a four point 

measurement 

The resistivity results correspond with published 

data [16]. A hot probe experiment identified the 

type of semiconductor layer after the diffusion 

process a detailed account of the measurement can 

be found in [17]. During the various processes the 

surface structure was studied and documented using 

a metallurgical microscope. 

EXPERIMENTAL RESULTS 

A standard photovoltaic structure with a thin 

emitter fabricated at the top surface using a p-type 

substrate is demonstrated in Fig.5. 

 

Fig.5. Photovoltaic cell structure 
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The wavelength dependent short circuit current 

is approximated by  
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With Φe presenting an emitter factor which 

depends on doping levels and depth of doping: 

 

 
Where: 

 

 
( )λq=J ph   the photon flux current is 

referred to as the photon flux which is the current 

given that every photon generates an electron hole 

pair. In order to get a grasp of the behavior of the 

short circuit current Eq. (1) one has to observe that 

the emitter factor Eq. (2) has the form 
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t

t

e
→
→
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In which C is a constant depending on the minor 

charge carrier attributes (Lp, Dp) which are donor 

density dependent, the depth he and the surface re-

combination velocity Sp. The surface recombination 

velocity depends on both the surface defects and 

doping levels. For a passivated surface the doping 

level is Ns ≈ 1018 − 1019. The surface recombination 

velocity is given by [18, 19] 

sp N=S 1610−
  (4) 

Fig.6 shows the calculated short circuit current 

as a function of the depth of the emitter. 

For the above parameters it can be seen that the 

optimal depth of the emitter is approximately 3μm. 

The current is wavelength dependent on three 

accounts. Two external ones which are the photon 

flux, and the reflection Rf and an internal one being 

the absorption coefficient α. 

 

Fig.6. Short circuit current as a function of the depth of 

the emitter for: λ = 500nm; Rf (λ) = 0.05 α(λ) = 1.11 

×104 ; Sp = 200 [cm/s]; Dp = 13 [cm2 /s]; τp = 10μs; Jph(λ) 

= 0.08 [mA/cm2] 

Reflectance 

Rf is a significant parameter as it has a 

considerable influence on the efficiency of the PV 

cell as is seen in Eq. (1). On bare silicon Rf > 30% 

reducing the efficiency considerably. In order to 

decrease the reflection loss in the visible and NIR 

range an anti-reflective coating is applied. The 

applied coating needs to shift the phase of the 

reflected light by half a wavelength, thus canceling 

each other out. This happens when the surface of 

the silicon and the applied coating are at a distance 

of λ/4, or 

4/λ=dnc                    (5) 

A further improvement (minimization of 

reflection losses) is obtained when the coating is 

the mean of the refractive indices i.e. 

( )

( ) 2.11500 



nmn

nn=λn

c

Siairc   (6) 

One such material that is both transparent and 

which provides an appropriate solution over most 

of the visible range is ITO. Fig.7 displays the 

refractive index and the square root of the refractive 

index of the silicon compared to the refractive 

index of ITO. 

Our peak wavelength is about 500nm and 

according to the graph nITO (500) ≈ 2 thus a 

deposition thickness of 125nm is appropriate for 

our purpose. As was seen in Fig.3, the low 
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resistivity of the ITO film on our samples 

accommodates the conduction of charge to the 

fingers and bus bars. 

 

Fig.7. Comparison between the index of refraction of 

ITO and the square root of nSi and nair 

 
Fig.8. A four point measurement of the doped 

(emitter) layer 

Post diffusion 

The describe process’s weakness is that, to 

date, it is not a completely controlled process. 

While during the classic method the flow of the 

dopant gas is controlled, some of the spin coated 

material evaporates and we need to resort to ICP-

OES measurements in order to estimate dopant 

concentration. The resistivity of the doped layer 

was measured using a four point measurement as 

shown in Fig.8. 

 

The resistivity result of ~127Ω · cm corresponds 

with a dopant density of 4 × 1014 cm−3 [20] which 

was confirmed by the ICP-OES measurement 

which is approximately 5×1014 cm−3 (close to the 

detection limit of the phosphorus). Following the 

resistivity characterization the I-V characteristic 

was measured at different temperatures. Fig.9 

indicates that the material displays a regular PN 

junction behaviour. 

 

Fig.9. Device I-V characteristic at several temperatures 

The calculated potential of the junction is 0.5 V 

while the actual open circuit voltage was found to 

be lower than 0.1 V. This is due to the high losses 

in this device which is in its preliminary research 

stages. 

 

Fig.10. Device output power as a function of the 

irradiance 

After depositing a 150nm ITO coating and 

adding the bus bar, fingers and back electrode, the 

photo-current was measured under various 

intensities which were controlled using a UNI-T 

UT383BT luxmeter. The measured illuminance was 

converted to irradiance based on a recent guide 

which tries to sort out the various conversion 

factors [21]. Based on their recommendation we 

used a 116 [lux/W/m
2]. Fig.10 displays the devices 

output power as a function of the irradiance. 

The slope of the graph shows the efficiency of 

the device, which is 1.51% in the above 

measurement. 
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DISCUSSION 

A recent study [22] estimates the EOL cost of a 

PV panel at 6.72 USD/m2, while the cost of the 

actual recycling  including 0.25 USD/m2. Most of 

the cost consists of panel transport and processing 

of PV waste. We have focused on recycling single 

crystal wafers which are repurposed. As such, in 

this work we have used the standard stripping 

methods which are applied in microelectronics, 

though better, cheaper and environmentally benign 

methods do exist as discussed in [4]. Stripping 

methods are discussed extensively in literature, our 

work was focused on demonstrating preliminary  

work consisting of a simple method for doping 

stripped single crystalline silicon creating a PN 

junction. The presented efficiencies are considered 

low, but we have demonstrated it is a viable 

method, which still needs to be perfected. 

CONCLUSIONS 

     This work presents a viable method for 

recycling and re-purposing used silicon wafers for 

PV use. The preliminary work shows that standard 

stripping methods followed by a newly suggested 

method for diffusing dopants does provide a 

working PV cell. Both optical and electrical 

properties of the resulting device were presented. 

The output power density’s dependence on the 

incident irradiance resulted in a 1.51 % efficiency, 

which is an order of magnitude lower than 

expected. As this work was intended as a feasibility 

study, the result shows promise. Following this 

work we intend to improve the efficiency of a 

single crystal wafer cell and present a method for 

assembling an efficient solar panel from the 

salvaged wafers. In the future we will extend this 

work to recycling polycrystalline wafers which are 

abundant in the ever increasing retired solar panels.  
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Aluminum single crystals are tested using X-Ray Bragg diffraction, which may have applications in microscopy and electronics 

fabrication industry. Yet, their efficiency for x-ray beam diffraction depends on the accurate crystal orientation, the microstructure 

and imperfections. Moreover, the final sample that is formed from the as-grown crystal by cutting, grinding, polishing and chemical 

etching, introduces various surface defects that penetrate deep into the crystal affecting its natural structure. Defect penetration is 

attributed to the fact that ultra-pure aluminum single crystals are soft and ductile with a hardness in the range of 2~2.5 mho. This 

leads to lattice deformation, resulting in a deviation from the crystallographic orientation of the final device, affecting the diffraction 

intensity and an apparent shift in the Bragg angle. In this work we investigate the influence of processing aluminum single crystals by 

mechanical and chemical means using XRD and Rocking-Curve broadening as a quantitative indication concerning the depth of the 

damage. This is a preliminary step in supporting future work on the study of electrical conduction in aluminum single crystals. 

Supplementing electrical conductivity measurements of aluminum, quality assessment of defects in front cell aluminum conductors 

can assist in designing novel low resistance aluminum conductors replacing the currently widely used and relatively rare silver. 

Keywords: Aluminum single crystals, X-Ray diffraction, crystal orientation, imperfections, PV cells 

INTRODUCTION 

The Conduction in elemental metallic crystals is 

still intensively investigated [1] and is of great 

technological importance in modern 

microelectronics and photovoltaics. Of the FCC 

metallic crystal family, aluminum is widely used in 

modern microelectronic fabrication as it is a 

relatively abundant, acceptable conductor which to 

some extent is superior to copper for it does not 

diffused into silicon at operating temperatures       

(< 450ºC). That said, with all the complications 

copper adds to device manufacturing aluminum’s 

conductivity is only 63% compared to the 

conductivity of copper (0.0172 ·mm2∕m vs. 

0.0282 ·mm2∕m). Thus increasing aluminum’s 

conductivity has its merits. Current photovoltaic 

cell bus bar and finger technology consists of silver 

screen printing thus relying on a relatively rare and 

expensive metal. Replacing the silver with an 

abundant metal may reduce the production costs 

considerably, therefore given the considerations 

above aluminum is a good candidate. Depositing 

the aluminum on the silicon substrate does not 

require a conductive seed layer or a Ni barrier layer 

(as required for Cu), as it not a deep level impurity, 

further simplifying the process and reducing its 

cost. One veteran method which  has  re-emerged is  
 

* To whom all correspondence should be sent: 
gilad.orr@ariel.ac.il, gadygo@ariel.ac.il 

 

metal plating, with recent work demonstrating its 

viability [2]. Checking on Dimensions [3] shows 

that since the time of peak interest during 2012 

there are on average 600 annual publications 

concerning using aluminum for front metallization 

of solar cells. As we have seen Al is inferior to Ag 

and Cu concerning its resistivity adding to a 

significant power efficiency loss due to series 

resistance resulting from the bus bars and fingers 

on the front side of the cell. Therefore further study 

is required in order to reduce the resistance of the 

Al front conductors. Lapovok et al. [1] 

demonstrated a 3.7% improvement (reduction) in 

resistivity from  = 2.96·cm to  = 2.85·cm 

following annealing at 600ºC for 48h. Following a 

similar treatment in a boron rich environment 

resulted in the resistivity dropping to                       

 = 2.62 ·cm i.e. a 11.5% in resistivity which is 

a significant improvement. This increase was 

attributed to reduced scattering centers due to a 

gettering effect and reduced defects due to the 

additional annealing. Increasing the layers height 

resulting in an increase of the conductors cross 

section may assist in reducing the series resistance 

though the geometry may need some redesigning to 

avoid shadowing. Thus understanding mechanisms 

of electrical conduction in single crystals can lead 

to methods for reducing the electrical resistance of 

the front solar cell conductors. Ultra-high-purity 

aluminum single crystals are a good starting point 
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for such experimental work, and high resolution X-

ray diffraction, a measurement technique for 

assessing crystal quality and defects. However, it is 

yet a significant challenge to determine the degree 

of crystalline perfection that will provide the 

optimal conditions for a significant improvement 

compared to the current accepted values. Every 

stage of the fabrication process has to be considered 

for its contribution to defect formation and 

elimination. Growing Aluminum single crystals 

was mostly investigated during several decades at 

the mid of the 20th century [4] by the well-known 

Bridgman method [5] or by using the grain growth 

technique (Fig.1). 

Fig.1. Bridgman based growth furnace with a quartz 

compartment for growing the crystals in an inert 

environment 

Recently, some new methods have been applied 

for growing single crystal foils of several metals [6] 

that can be used at an industrial scale. Yet, the 

deformation in the crystals was mostly studied by 

intentional stressing of the crystal in order to 

perform the deformation, as well as studying the 

effects of heat treatment and annealing processes 

and characterize the resulting microstructure by 

means of X-ray diffraction methods and high-

resolution microscopy [7]. The crystal orientation is 

precisely determined and oriented to the required 

direction, mostly to the {1,1,1}, {1,1,0} or {1,0,0} 

by the X-ray Laue method. This is followed by 

further XRD analysis for both final precise 

crystallographic orientations, as well as an initial 

assessment of the crystalline quality and 

microstructure. X-Ray Rocking Curve technique is 

applied in case of high crystalline quality 

assessment. Imaging methods such as optical 

microscopy, SEM and STEM, are carried out as 

well, for determining the physical microstructure 

that plays a significant role at the final X-Ray 

analysis. XRD peak shift, peak broadening and 

peak asymmetry are indicative of deformation, 

growth fault, twin fault and several additional 

crystalline disorders in the FCC metal element 

crystal (Aluminum single crystal in the current 

study). Detailed theoretical calculations and 

experimental results are described in [8]. The FCC 

structure is a closed packed structure in which the 

atoms are arrange in a three layer sequence 

resulting in a dense geometric packing. Fig.2 

illustrates a 3D arrangement of three such layers. 

  

Fig.2. Representation of layers forming the FCC 

structure. (a) The recurring layer placement required 

for the FCC structure. (b) The actual location of the 

atoms missing the apex atom which is part of a top A 

layer (not shown) 

The figure illustrates the layers of the atoms and 

the relative placement of each layer providing for 

the most compact filling. In Fig.2b the orientation 

of the FCC cell within the 3 layer framework is 

shown. As the image is missing a top A layer the 

apex atom is missing. The cell structure is a bit 

obscure and one has to imagine the structure from 

the vertices. Fig.3 elucidates the FCC cell within 

the layers.  

The vertices atoms are illustrated by the violet 

spheres while the face centered atoms by the yellow 

spheres. As may be seen the apex atom and the 

bottom atom belong to the A layer placing them 
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one over the other. Following the perpendicular 

unit cell axis one can observe the {1,1,1} 

orientation in Fig.3b. The red bordered atoms 

highlight the vertex and face atoms at the lower 

layer, while the green bordered atoms highlight the 

ones of the layer above it. The vertices atoms of 

each layer form a large triangle bordering a smaller 

triangle created by the face atoms of that specific 

layer, with the smaller triangle being at a 180∘ 
angle to the one formed by the vertices. The 

triangles formed by the atoms in each layer are a 

mirror image of the other. Given we had a perfect 

crystal, processing it mechanically will introduce 

defects. Point defects having less long range 

influence on the crystals structure. On the other 

hand, layer movement along the slip planes due to 

stress, with the primary ones being along the 

{1,1,1} direction have much more influence for e.g. 

the line defects, the edge and screw dislocations.  

 

Fig.3. SA FCC unit cell within the layers. (a) Side 

view of the FCC cell, (b) View of the cell from the 

{1,1,1} direction 

More subtle, but of significant influence on the 

diffraction patterns, are the stacking faults resulting 

in fault lines Fig.4 and twins Fig.5. 

 

Fig.4. Layer stacking with a missing layer. (a) 

Regular 3 layer compact stacking resulting in the FCC 

strucure. (b) Missing A layer (for example), resulting in 

the FCC cells missing the top or bottom atom creating a 

fault line 

Stacking faults in which one layer is missing, 

results in an alternating sequence of two layered 

stacks which result in a hexagonal closed packed 

structure along that layer. It could also be viewed as 

the top and bottom FCC cells missing one apex or 

base atom. Another stacking fault is when two 

adjacent layer switch positions as in Fig.5. 

 

Fig.5. Layer stacking fault where two adjacent layers 

switch positions. This results in a bifurcation where the 

layers above the fault are a mirror image of the layers 

below it 

Such an occurrence leads to a bifurcation with 

the layers on both sides of the fault proceed as 

mirror images of one another prompting the growth 

of two crystals with a common layer in two 

different directions. Such a fault may have a 

considerable effect on the peak broadening. As we 

are dealing with single crystals we do not expect to 

observe grain boundaries, but low angle tilt 

boundaries resulting from dislocations and faults 

are present and its correlation with the rocking 

curve peak broadening in a manner not yet fully 

understood. They are observed using STEM 

imaging as can be seen in Fig.6. 

 

Fig.6. A ×100, 000 STEM image of low angle tilt 

boundaries, creating what is referred to as mosaic 

structures in aluminum  

Those boundaries differ from grain boundaries 

as from their very essence the bulk has a growth 

orientation and only locally differ from this 

orientation due to a periodic array of dislocations 

and stacking faults. The degree of this 

misorientation may be observed by the rocking 

curve method and in future published work will be 

correlated with the electrical conductivity in 

aluminum. 

 

21 



G. Orr et al.: Crystalline quality in aluminum single  crystals, characterized by X-Ray diffraction and Rocking-Curve analysis 

 

 

EXPERIMENTAL RESULTS 

Following the Bridgman crystal Growth of 

Aluminum single crystals, samples were prepared 

for the purpose of crystallographic orientation, 

XRD analysis, X-Ray Rocking Curve analysis and 

crystalline quality evaluation by STEM imaging. 

As the material is very soft and ductile initial 

fabrication was conducted using electro-erosion. 

Fig.7 illustrates the result of an aluminum sample 

after it was cut. The STEM image displays the 

highly damaged top surface as observed in Fig.7, 

which reduces the X-Ray intensity and increases 

the peak broadening. 

 

Fig.7. SEM image of the aluminum surface after 

cutting. The high pitting density, with the pit sizes 

reaching 20nm 

ICP-AES measurements indicated that trace 

elements of brass exist in the samples. Tab.1. 

illustrates the trace elements within a sample 

compared to the trace elements found within the 

starting material and reference. 

Table 1. ICP-AES results of several samples (PPM) 

 Ag Ca Cu Fe Zn Cr S 

Starting 

material 
3.914 - - 6.06 - - 128.2 

Reference 3.98 - - 6.45 - 0.12 87.59 

Al EDM 

cut 
- 132.49 495.06 141.41 170.64 0.66 - 

 

Post EDM cutting displays obvious 

incorporation of brass elements into the crystal 

material. Following this SEM imaging, a STEM 

sample was prepared using a FIB process with the 

cut perpendicular to the observed surface in Fig.7. 

A magnified higher resolution STEM image 

(Fig.9), displays column structure (“membrane 

like”) cavities with diameters corresponding to the 

previous pits observed in Fig.8. 

 

Fig.8. A low resolution STEM cross section image of 

the sample close to its surface. The damage to the 

machined layer can be clearly see, having the 

approximate thickness of 1.8m 

Fig.9. High resolution STEM image of the lamella 

prepared using the FIB technique 

The image illustrates how the surface damage 

extends deep into the material altering its structure. 

This damage was found to propagate to a depth of 

approximately 2 mm with similar results reported in 

the past by Gorman et. al. [9]. Such damage results 

in reduced XRD intensity and considerable peak 

broadening. Those defects within the aluminum and 

on its external surfaces scatter conducting electrons 

and contribute to the resistivity. As the dimensions 

of the conductors are reduced, which is the case in 

the solar cell, the electrons interacting with the 

defects increase considerably resulting in a rise in 

resistivity. Fig.10 below, illustrates an example of 

the XRD data that was acquired from a crystal with 

relatively poor quality. As may be observed, the 
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diffraction pattern shows low peak intensity and 

mixed crystallographic orientation data. 

 

Fig.10. An example of {1,1,1) oriented Aluminum 

Crystal. Minor diffraction at the {2,0,0} and {2,2,0} 

orientations are also visible 

 

Fig.11 below, shows an example of the XRD 

data that was acquired from a crystal of high quality 

and lattice perfection. A very high peak intensity at 

the range of 9e7 (20 millions counts), with a single 

distinguished peak (disregarding K) diffraction in 

the {1,1,1} crystallographic orientation.  

Fig.11. An example of an XRD chart for a precisely 

oriented Aluminum Crystals in the {1, 1, 1} direction 

 

Next, Fig.12 shows the Rocking Curve peak, 

with a FWHM of about 0.36 degrees, yet, it should 

be noted that the RC shape exhibits a minor 

asymmetry, indicating on some crystalline in-

homogeneity. As can be seen in the figure, there is 

an axial divergence at the lower angles of the peak, 

causing asymmetry. This asymmetry is an 

indication of an anisotropic strain.  

Fig.12. An example of an X-Ray Rocking Curve 

chart, with a FWHM of about 0.36 degrees and very 

high peak intensity at the range of 2e7, a slight 

asymmetry is evident as well 

The results were fit using a Lorentz (Cauchy) 

PDF (probability distribution function), that was 

found to better fit the results. If we take the 

Lorentzian’s FWHM as a measure of orientation 

spread of the mosaic structure tilt, we can estimate 

that it is approximately 0.18º. Following the 

FWHM angle spread of the tilt angles we can 

calculate the upper limit of the dislocation density 

[10]. 

( )
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2

2

2

99

2/

b

γ
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b

FWHM
=D θ  (1) 

 where 0 is the tilt spread, and b is the Burgers 

vector. For the aluminum with an FCC structure in 

the (1,1,1) direction, the Burgers vector is given by  
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3
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l+k+h
a

=b 22

 (2) 

where a is the side length of the unit cell. As it is 

4.046 ×10-10 m, b = 3.504 ×10-10 m. Thus the 

upper limit estimate of the dislocation density is  

 

 2cm=D − -8108.93  (3) 

 

which is considered very high usually obtained 

under stress [11]. Considering the stress within the 

crystal, we could expect that the stress is non 

uniform. This was evident by rocking curve 

mapping resulting in different tilt spreads as can be 

seen in Fig.13. 
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Fig.13. Rocking curve mapping of the tilt spread on a 

2x2 cm area from a crystal cross section 

 

As the tilt spread is correlated to the dislocation 

density which is further correlated to the stress, it 

shows the non uniform stress within the sample. 

This must reflect on the peak intensity (counts) as 

shown in Fig.14.  

 

Fig.14. Rocking curve mapping of peak intensity on a 

2x2 cm area from a crystal cross section 

 

While the XRD rocking curve angle spread is an 

average of many low tilt angle subgrains, being 

macroscopic in nature, the fine structure can be 

observed using STEM imaging. Fig.15a and 15b, 

illustrate the STEM results displaying the 

dislocation defects in a crystal that exhibits sub 

grain boundaries (low angle) within grains, and tilt 

boundaries that may significantly differ from each 

other.  

 

 

(a) 

(b) 

Fig.15. (a) is a STEM image of an Aluminum crystal 

with high defect density, reflected at the observed sub 

grains and dislocation defects. (b) Shows displays the 

native oxide layer of the surface of the crystal 

CONCLUSIONS 

X-ray diffraction methods and Rocking-curve 

analysis, supported by SEM and STEM imaging, 

were shown to display, in an effective manner the 

three dimensional crystalline quality of aluminum 

single crystals. This is demonstrated with both poor 

and high quality aluminum single crystals grown 

using the veteran Bridgman method. Growth and 

fabrication of the crystals were still found to be 

short of the strived state of the art. It was further 

demonstrated that sample fabrication by rough 

electro-erosion cutting, exhibited a membrane like, 

porous deformed structure at the aluminum as cut 

surface. Supplementing electrical conductivity 

measurements of aluminum, quality assessment of 

defects in front cell aluminum conductors can assist 

in designing novel low resistance aluminum 

conductors replacing the currently widely used and 

relatively rare silver.  
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The article describes the development of a mathematical model of thermal state of the unit lining for calcining petroleum coke. 

Determination of the temperature fields of the lining will allow you to control the quality and volume of the resulting technological 

product, assess heat losses from the surface of the unit to the environment, and observe thermal conditions during start-up operations 

and shutdowns. To check adequacy of the model, calculations of temperature on the inner surface of lining of the coke calcination 

furnace were carried out during the heating process. The analysis of the given graphs shows that the developed mathematical model 

is adequate. On average, difference between thermocouple readings and calculated values does not exceed 5%. Further use of the 

developed mathematical model will be to create a computational complex for evaluating temperature fields along the entire length of 

rotary kilns for calcining petroleum coke. 

Keywords: Lining, temperature stresses, mathematical model 

INTRODUCTION 

Improving the thermal performance of the 

linings of high-temperature units is a very wide 

range of measures aimed at increasing their energy 

efficiency. It, in turn, can be broken down into 

three components: 

- rationalization of the lining design; 

- the use of new refractory materials; 

- improvement of thermal modes of lining 

operation. 

Rationalization of the lining design may imply: 

a change in the profile of the inner surface of 

refractories, the thickness of the lining layers, the 

geometry of the refractory itself, etc. 

The change in the profile of the inner surface of 

the lining is made based on operational data, which 

analyzes the parts of the lining that are subject to 

the greatest wear. This can be caused by various 

reasons - the effect of chemically aggressive slags, 

metal jets during its discharge, etc. Selection of 

refractory thicknesses corresponding to their actual 

operation in a given place of the lining, according 

to [1], can increase the lining durability by 10-15%. 

A change in the thickness of the lining layers, 

calculated for specific conditions, can lead to a 

decrease in heat losses by 10-15%. So, in [2], to 

reduce heat losses, a combined lining was created, 

consisting of chamotte and additional fibrous heat-

insulating material (mullite-silica wool). At the 

same time, a cell filled with heat-insulating material 

is formed between the refractory and the furnace 

body. 
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Replacing the lining material with another can 

also be attributed to the rationalization of the design 

[3-6]. In such cases, the non-load bearing lining 

layer (usually made of molded refractories) is 

replaced with an insulating layer of fibrous 

materials. The use of fibrous materials for the lining 

of furnaces allows, in comparison with brick lining, 

to reduce heat losses through the lining by 20-30%, 

to reduce several times the heating time of the 

furnace and the duration of installation of the 

lining, to save energy resources up to 45% with 

periodic stoppages of the furnaces [7]. Heat 

treatment of refractory raw materials also has a 

significant effect [8]. 

The use of geometrically rational refractories 

also affects the life of the lining. Classic shapes of 

molded refractories - straight and wedge bricks are 

not optimal in terms of uniformity of stress. In this 

respect, the hexagonal shape of products is more 

preferable, therefore, products in the form of 

hexagonal prisms should find application in ferrous 

metallurgy units [9]. 

Improving the thermal operation of the lining is 

undoubtedly the most cost-effective way to 

improve the thermal operation of the linings. In this 

case, there is no need to purchase new refractories 

or to change the design of the unit itself. Initially, 

each high-temperature unit has thermal schedules 

for heating up and operating the unit. These charts 

are "factory" and are usually designed to ensure that 

the rate of temperature change does not exceed the 

rates recommended by the manufacturer for lining 

materials. Naturally, these graphs are general and 

do not reflect the specifics of the operation of a 

© 2021 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 
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particular unit. Thus, this does not take into account 

the thickness and number of lining layers, the 

presence of cooling, wear of the lining during start-

ups from repairs with partial replacement of the 

lining, etc. , but also to an increase in the working 

campaign of the units (by reducing the heating time 

and downtime). 

The first stage in improving the thermal 

operation of the lining will be the creation of a 

model of the thermal operation of the lining [10, 

11]. 

Modeling the thermal operation of a petroleum 

coke-calcining unit is reduced to calculating the 

temperature field inside the furnace during the unit 

heating up. The problem of determining the 

temperature fields in the construction of a unit with 

flat walls and one layer of refractory lining material 

is widely presented in the literature [12, 13]. 

Meanwhile, there is a wide range of high-

temperature installations for which these 

developments are not applicable. These are tubular 

rotary kilns and, in particular, for refinery coke 

calcination.  

From the standpoint of determining the thermal 

state, these furnaces can be attributed to one group 

according to the following parameters. They have a 

considerable length (from 60 to 100 meters) with a 

diameter of 3 to 5 meters. The inner part of the 

metal cylindrical body is covered with a layer of 

refractory material, usually made of refractory 

bricks. The furnace is installed at an angle of 3 to 

5° to the horizon and is capable of rotating at a 

speed of up to four revolutions per minute. Due to 

the tilt, the rotation of the furnace facilitates the 

movement of technology material from the feed end 

to the discharge end. Rotary kilns work on the 

principle of counterflow - raw material is fed from 

one side, and fuel is burned from the opposite. As a 

result, the gases formed during fuel-burning move 

towards the flow of material, directly carrying out 

the heat exchange process. 

PROBLEM FORMULATION 

As a rule, tubular rotary kilns have an internal 

surface temperature control sensor - this is a 

thermocouple installed in the most important 

(technologically) zone. But the installed 

thermocouple makes it possible to control only a 

part of the unit (only one zone) and does not allow 

controlling the temperature condition of the process 

material along the entire length of the unit. It is 

technically difficult to install temperature sensors in 

each zone. 

Determining of temperature fields in the furnace 

during its operation allows you to have information 

for solving a number of problems. Firstly, it is the 

quality of the resulting technological product. 

Based on the main thermophysical properties of the 

product (humidity, volatile-matter content, etc.), it 

is necessary to maintain the calculated thermal 

condition, which can be controlled by the 

temperature of lining [14, 15, 16]. Secondly, it is 

volume of the technological product. When 

maintaining the optimal thermal condition, the 

furnace will have not only maximum productivity, 

but also minimum energy consumption per unit of 

production [17]. Thirdly, control of temperature 

state of lining allows not only to estimate 

temperature losses from surface of unit to the 

environment, but also to reduce them at the design 

stage when considering various options for 

refractory materials for their use in the lining [18, 

19]. Fourth, compliance to thermal conditions 

during operation and shutdowns allows to extend 

the life of the lining, which leads to significant 

savings [20, 21, 22]. As a result, control and 

compliance with thermal conditions during the 

operation of ring rotary kilns is an important step in 

the policy of energy saving. 

Modern technical means make it possible to 

conduct a continuous process of monitoring the 

thermal state of the lining using thermal imaging. 

This allows to solve a number of the above-

mentioned problems: control of the thermal regime 

and losses from the surface of the high-temperature 

unit [23]. To solve other problems, a mathematical 

apparatus is needed that allows calculating 

temperature fields not only over the thickness of the 

lining (which is important for stationary processes), 

but also in time (for non-stationary processes). 

Installation of a number of temperature sensors for 

measuring the temperatures of the inner surface of 

the lining (by zones) is technologically difficult and 

significantly reduces the reliability of the rotary 

kiln. As the result, the task is to develop a 

mathematical apparatus that makes it possible to 

calculate the temperature fields of the masonry in a 

stationary and non-stationary mode using the initial 

temperature data: the temperature of the process 

material and the outer surface of the lining. 

The mathematical treatment of this process is 

generally represents a system of partial differential 

equations. What is more, the integration of this 

system is a difficult task, the solution of which 

requires special mathematical support and high 

power of computer facilities. 
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Consider the thermal state of ring lining of the 

coke calcination furnace, presented as a long 

hollow cylinder. The cross section of the furnace 

(Fig.1) is a double-layer ring. Let us introduce the 

following assumptions: 

- Thermophysical and mechanical properties of 

each lining layer are different and constant within 

each layer; 

- Temperature of inner surface is taken equal to 

the temperature of technological material; 

- At the boundary between layers - equality of 

heat current; 

- The heat transfer law is set on the outer surface 

of the furnace body. 

 

 

Fig.1. Calculation scheme of the furnace lining 

METHODOLOGY OF THE RESEARCH 

PRACTICE 

Mathematically, taking into account the 

accepted assumptions, the problem is formulated in 

a certain way. Let us write the equation of heat 

conduction in a cylindrical coordinate system with 

a radial temperature distribution: 
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where: 

TP – temperature of the medium in the furnace, 

оС 

TR – temperature of the inner surface of the 

furnace, оС 

r – furnace lining radius, m; 

r = a – inner surface of the lining, m; 

r = b – border of lining layers, m; 

r = R – outer surface of the lining, m; 

k – thermal conductivity of the refractory 

material, W / (m · K); 

h– heat transfer coefficient, W / (m2 · K); 

Tamb – ambient temperature, оС 

It is of interest is an algorithm for calculating the 

temperature field of the lining, involving the use an 

implicit difference scheme [24, 25, 26], based on 

the application of the sweep method under 

boundary conditions on the outer surface of the 

furnace. This method has several advantages. 

Firstly, when calculating, the count starts from the 

outer boundary and, therefore, the computational 

process can be completed when the temperature at 

the outer boundary satisfies some condition. As the 

conditions for using the temperature of the furnace 

body, obtained by measurements. Secondly, the 

implicit difference scheme is stable at any time and 

space steps. 

The initial equation for the implicit difference 

scheme will be: 
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where: 

Δx – coordinate step, m; 

Δt – time step, s; 

at – temperature conductivity coefficient, m2/s; 
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Tn
k+1 – lining temperature at a point along 

coordinate n at time k+1, оС. 

Transform this equation as follows: 
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The sweep formulas, in this case, will be 

represented by the ratios: 
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,01 = пТ=1   (13) 

 

The temperature value 
1

1

+

+

k

iT  is found from the 

boundary conditions at the outer boundary. 

EXPERIMENT ANALYSIS 

To check the adequacy of the model, the 

temperature was calculated on the inner surface of 

the coke calcining furnace during the heating 

process. 

Calcining petroleum coke is the process of 

heating crude petroleum coke to 12501350°C. At 

the same time, in the entire mass of coke, processes 

of structural change occur with the removal of 

hydrogen, which is released in the form of methane 

and other hydrocarbon compounds and burns in 

calcining and afterburning furnaces. The main goal 

of the calcining process is to improve the physical 

and chemical properties of coke, such as electrical 

resistance, true density, oxidizability and reactivity, 

as a result, the product acquires the necessary 

qualities. 

Coke is calcined in a rotary kiln 65 m long and 

3.47 m in diameter, which is installed at an angle of 

4° to the horizon and is capable of rotating at a 

speed of up to two revolutions per minute. 

Combustion of volatile substances and fuel (fuel 

oil) during the calcination of petroleum coke 

produces a large amount of high-temperature flue 

gases that contain volatiles and a small proportion 

of fine coke particles. 50-60% of volatiles are 

burned in the calcining furnace, the rest enter the 

afterburner together with flue gases. After water 

evaporation and removal of volatile components, 

the coke is heated to 1350 °C. Moreover, its 

molecular structure takes on a more organized form 

with a clear crystal lattice. In response to the 

physical and chemical processes occurring with the 

raw material, the consumer properties of coke are 

improved. The time of the complete coke 

calcination cycle from loading to unloading is at 

least 45 minutes. 

In accordance with the developed mathematical 

model, the temperature calculated over the lining 

cross-section during the heating process. Fig.2 

shows graphs of heating at characteristic points 

along the cross-section of the lining during the first 

24 hours: on the inner surface, in the middle and on 

the outer surface of the lining. 

 

Fig.2. Graphs of heating at characteristic points along 

the section of the lining in: row 1 - on the inner surface, 

row 2 - in the middle, row 3 - on the outer surface of the 

lining 

 

The analysis of the graphs obtained shows that 

the heating process during the first one hour and 

forty minutes proceeds at a high speed, which 

reflects the change in the temperature of the inner 

surface. High heating rates across the lining 

thickness begin at fifty minutes (for the middle of 

the lining) and one hour and forty minutes for the 

outer surface. Horizontal section of the heating 

curve, corresponding to a temperature of about 

110°C, is necessary to remove moisture from the 
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lining. At a constant heating rate of the lining by 

the time 9 h 10 min, we have an almost stationary 

temperature field. 

To check the adequacy of mathematical model 

and calculations performed, a graph of the 

dependence of temperature inner surface of the 

lining on time was built. The obtained values for 

temperature of the inner surface for comparison 

with the actual temperature of the surface are 

shown in Fig.3. 

The heating-up schedule of the furnace after 

major overhaul (heating section up to 500 °C) is 

shown in Fig.3. Row 1 - a graph based on the 

readout of a thermocouple installed in the furnace 

lining, row 2 - a graph based on the results of 

calculations based on the developed mathematical 

model. 

 

Fig.3. Graphs of heating the furnace after major 

overhaul 

 

The analysis of the given graphs shows that the 

developed mathematical model is adequate. On 

average, the difference between the thermocouple 

readouts and the calculated values does not exceed 

5%. Large values of the difference between the 

readings of the two graphs, as a rule, to areas of a 

sharp increase or decrease in temperature. This can 

be explained by the delayed action of the 

temperature measurement process. 

The developed mathematical model makes it 

possible to calculate the temperature fields of the 

masonry in a stationary and non-stationary mode 

using the temperature of the technological material 

and the outer surface of the lining. Using the 

developed technique, it is possible to obtain the 

temperature distribution over the lining cross 

section during the heating of any zone of the 

furnace, while the initial data for the calculation 

will be the temperatures indicated above. 

Measuring the temperature of the outer surface of 

the furnace is not technically difficult - it can be 

measured by direct measurement with the 

installation of a sensor between the steel body and 

the lining. Also, this temperature can be equated to 

the temperature of the metal body (taking into 

account the high thermal conductivity of steel), and 

the temperature of the body metal can be measured 

in a non-contact way (pyrometer, thermal imager). 

It remains important to determine temperature of 

the inner surface, or temperature of the 

technological material in this zone. Technically, not 

every zone can accommodate a temperature sensor 

to measure the parameters of the inner surface. The 

thermocouple port, which runs through the entire 

lining, is a hazard at high process material 

temperatures due to possible leakage and material 

escaping through the sensor port.  

Taking temperature of the process material, 

focusing only on finding it in a specific zone of the 

furnace, can lead to high calculation errors. This is 

due to the fact that within one zone of the furnace, 

the temperature of the process material can change 

by 300  400 °C. 

To increase the accuracy of calculating 

temperatures, it is proposed to use a method for 

determining the thermal state of the lining, which 

allows, by taking temperature readings from 

partially buried temperature sensors, to obtain the 

temperature distribution in the lining section 

according to the developed mathematical model. 

The lining of the high-temperature unit is a wall 

consisting of a casing 1 and a layer of heat-

insulating (or refractory) material 2 (Fig.4). Unit 

lining contains a temperature sensor 3 at a distance 

L1 from its inner surface and a temperature sensor 

4 at a distance L2 from its inner surface. Inside the 

heating unit there is a working medium with a 

temperature To. Outside, the ambient temperature is 

Tос. 

 
To – heating medium temperature, оС; Tamb – ambient 

temperature, оС; 1 – the unit’s cover; 2 – refractory 

material; 3, 4 - thermocouples 

Fig.4. Implementation diagram of the method for 

determining the thermal state of the lining 
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In the process of laying lining of thermal units, 

temperature sensors are installed in the lining at 

specified distances from its inner surface. The 

number of sensors and the distance from the inner 

surface are selected based on operational 

limitations associated with the possibility of 

emergency situations (leakage, etc.). 

From the moment the heating unit starts heating 

(τ0), the heating time is counted. For calculations, 

the step along the Δy coordinate is determined, that 

is, distance between two nearest points of heating 

unit lining, at which the temperatures will be 

determined. Why geometrically divide the wall 

lining by thickness into such a number of equal 

sections so that the temperature measurement 

points by sensors 3 and 4 fall on boundaries of 

sections between two nearest points of coordinate 

step. 

Then the time step Δτ is determined, that is, the 

time interval after which the temperatures will be 

determined over the lining cross section at the 

selected points. 

To determine the temperature fields of the lining 

of an industrial unit at time τ1 in the process of non-

stationary thermal conductivity, temperature 

readings are taken by temperature sensors 3 and 4 

(T3 and T4, respectively). 

Further, they are initially set by the temperature 

of the heating medium To. The initial value of this 

temperature is taken as the lowest possible (under 

the given heating conditions). Then, the 

temperature values are calculated over the lining 

section of thermal unit for the time point τ1 

according to proposed mathematical model. 

If at the considered moment of time, calculated 

temperature at a point at a distance L1 from the 

inner surface of lining turns out to be equal to T3 

and the temperature at a point at a distance L2 from 

inner surface of lining is equal to T4, then the 

calculation is stopped. In this case, the obtained 

temperature distribution over the lining cross 

section will be the desired one. 

If this condition is not met, set a different 

temperature To and repeat the calculation again. 

The more temperature sensors are located along 

thickness of lining, the smaller error in determining 

temperature field. The minimum number of 

temperature sensors is dictated by operational 

limitations associated with the possibility of 

emergencies. 

As a result, the use of this method will increase 

the accuracy of calculating the temperature 

distribution over the lining cross section for 

developed mathematical model. In this case, only 

the installation of partially recessed temperature 

sensors in various zones of the furnace is 

additionally required. 

Approbation of the method for determining the 

thermal state of the lining on a physical model in 

laboratory conditions has shown that the 

mathematical model can be applied in practice. 

(Fig.5). 

The laboratory research facility consists of a 

muffle furnace without a door in which the 

investigated refractory material is placed instead of 

that furnace door. Two thermocouples are placed in 

the refractory according to the above procedure. A 

secondary device is used to measure and record the 

temperatures of the refractory and the environment. 

Thus, the material heated on one side by the heat 

space of the furnace and cooled by the environment 

on the other side is a physical model of the wall of 

the high-temperature unit. 

To increase the accuracy of calculations in the 

study of refractories from working units, the values 

of the thermal conductivity coefficient were used, 

taking into account the impregnation of refractories 

with a working medium [27]. 

 

 
 

Fig.5. Approbation of the method for 

determining the thermal state of the lining on a 

physical model in laboratory conditions 

 

The studies carried out show that the error in 

determining the temperature over the cross section 

of the lining during heating in accordance with the 

method for determining the thermal state of the 

lining does not exceed 10% [28], which indicates 

the possibility of using these developments in 

industrial conditions. 

CONCLUSION 

A mathematical model of the thermal state of a 

high-temperature unit has been developed, which 
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makes it possible to control the internal temperature 

of the furnace, both in the heating mode and in the 

operation mode. Approbation of the technique 

during the heating of the coke calcination unit 

allows us to speak about the sufficient reliability of 

the data obtained. 

The use of this mathematical model makes it 

possible to control technological processes during 

the processing of the initial raw material in the 

furnace, avoiding excess energy consumption. 

Further use of the developed mathematical 

model will be to create a computational complex 

for assessing temperature fields along the entire 

length of rotary kilns for calcining petroleum coke. 
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Flue gases waste heat recovery of coal-fired power plants is associated with lowering their temperature to values 

significantly above the dew point, because acid deposition leads to corrosion of the affected heating surfaces. When wet gas cleaning 

technologies are used, additional heat is lost to heat the purified gases with hot air before they enter the stack. The proposed 

innovative method provides for a more complete use of thermal energy of exhaust gases and eliminates the need for additional 

reheating of the wet gases before entering the stack. This can be achieved by directing a portion of the gas stream to a bag filter in 

which there is slight reduction of the flue gas temperature and then mixing this portion with the main stream passing via the 

economizer or air preheater in a pre-existing mixing chamber to achieve the desired humidity and temperature of flue gases. A 

technical and economic assessment of the expediency of utilizing the waste heat from the flue gases by means of an economizer or an 

air preheater of several different coal-fired steam generators which are using purification technology with battery emulsifiers has 

been made - the boiler BKZ-160-100F in Almaty CHP-3 has an indisputable advantage. 

Keywords: Waste heat recovery, flue gases, feasibility study, battery emulsifier second generation, bag filters 

INTRODUCTION 

Waste heat recovery leads to a reduction of the 

total losses of the steam generator and increases its 

thermodynamic efficiency [1]. Sometimes however, 

the possibilities for lowering the temperature of the 

exhaust gases are accomplished by the respective 

gas purification methods [2]. In some countries of 

Asia, incl. Russia and Kazakhstan, wet gas 

purification methods have become very popular [3]. 

The reason for this is the lack of policy for the 

recovery of collected ash after electrical 

precipitators and further sale as a building material 

[4]. The study reveals that the ash together with 

suitable hydraulic binders forms building materials 

with maximum operational temperature up to 1150 

°C. The properties of the produced by the coals ash 

is studied in [5]. The main output from the analysis 

shows that mechanical strength of the cyclone ash 

is reduced in comparison with the ash collected 

with the electrostatic precipitator. The similar study 

[6] also confirm that the ash from electrostatic 

precipitator has the necessary strength to produce 

the construction materials in steel and chemical 

industry.   
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In terms of the ensuring the environmental 

safety of the coal fired TPP different flue gas 

purifications systems have been examined. In [7] 

the simulation process of the wet cleaning system is 

proposed. Focus of the study is by controlling the 

operational parameters to reduce the environmental 

impact and improve the energy efficiency. Certain 

numbers of TPP have been equipped with the 

electric filter systems for dry-wet purification of the 

stack gases [8]. The study shows that in about 60% 

is the efficiency of the system.  

In the European Union, where gases are mainly 

cleaned by electrical precipitators, 80% of the 

waste ash is sold and this increases the economic 

feasibility of using this type of gas purification [9]. 

Different systems related with processing of coal 

deposits are also available. Within the range of the 

proposed system the mutual impact on the usage of 

wet and dry-cleaning technologies, organization of 

fuel combustion, and using the different types of 

filters to clean flue gases from impurities could 

significantly improve the efficiency of the plant. 

The main idea also from the study is to be utilized 

the spent TPP lubricants in the power plant cycle. 

 Тhe use of ashes in construction began in the 

30s of the last century in the manufacture of bricks 

and cinder blocks. Strategically important objects 

© 2021 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 
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built with the use of ashes include the Tallinn TV 

Tower and the Sankt Petersburg Nuclear Power 

Plant. Among the latest sites also constructed using 

ashes are the cargo port in Helsinki (Finland) and 

the port of Trondheim (Norway) [10]. Ashes are 

also applied in a variety of areas: in road 

construction (in the construction of subgrade, for 

the construction of fortified foundations and  

embankments); soil stabilisation measures: 

strengthening weak soils, as an additive to binders 

in order to save them when strengthening soils; in 

asphalt-cement concrete (as a filler and mineral 

powder in asphalt concrete; for hydrotechnical 

embankments, etc.).  

In recent years, second-generation battery 

emulsifiers have been widely used in many thermal 

power plants in Kazakhstan, using mainly 

Ekibastuz coal [11, 12]. The principle of operation 

of the second generation battery emulsifiers is a 

highly efficient heat and mass transfer between the 

ascending flow of flue gas swirled in the blades and 

the liquid supplied by the counterflow with the 

formation of a vortex emulsion layer, in which 

effective gas cleaning takes place (the so-called 

phase inversion mode) [13, 16, 17].  

Based on the performed literature overview, it is 

quite clear that scientific studies in this area are 

limited where a combination of innovative waste 

heat recovery method, comprising a combination of 

an additional air preheater and a bag filter, or 

alternatively an additional economizer and a bag 

filter should be examined [14, 15]. 

The present paper proposed innovative waste 

heat recovery method, comprising a combination of 

an additional air preheater and a bag filter, or 

alternatively an additional economizer and a bag 

filter. Several novelties based on the study done are 

available: 

  - opportunity to use the useful temperature 

drop of the flue gases, whereby part of the hot gases 

are purified with higher efficiency in a bag filter 

and then mixed with the wet gases after the existing 

emulsifier, without the need for hot air from the 

boiler air preheater; 

  - a technical and financial analysis showing the 

feasibility of the implementation of waste heat 

recovery units (WHRU); 

  - presentation of several variants of WHRU 

characterized by an attractive low Payback period 

(2.77 - 6.78 years); 

  - high environmental impact presented for 

example with the reduction of the Ekibaztuz coal, 

depending on the selected boilers. 

Determination of the allowable temperature of the 

exhaust gases after economizer or air preheater 

The technical and economic analysis is made for 

waste heat recovery from different type of boilers 

using Ekibastuz coal. There are two alternatives: 

installing an additional economizer or using an air 

preheater in front of the existing battery emulsifier. 

However, which of the two possible options to 

choose should determine the allowable level of 

cooling of the exhaust gases in order to avoid low-

temperature corrosion on the non-heated surfaces of 

the heat exchangers [13, 18, 19]. 

The elemental composition and calorific value 

of coal are presented in Tab.1. It should also be 

noted that the price of coal varies from region to 

region, which affects the payback period for waste 

heat recovery facilities. 

 

Table 1. The elemental composition and 

calorific value of Ekibastuz coal [3, 12] 
Rank units value 

Carbon, Cr % 46.03 

Hydrogen, Hr % 2.85 

Nitrogen, Nr % 0.86 

Oxygen, Or % 6.56 

Sulphur, Sr % 0.70 

Water, Wr % 5.0 

Ash, Ar % 38.0 

HHV kJ/kg 16 493 

 

With sufficient accuracy for practice, the 

theoretical dew point temperature can be 

determined by equation (1) [1]: 
2 0,

H Ot t

dp dp dpt t t C=  +              (1) 

where: 

0,t

dpt C  – the theoretical temperature difference 

between the acid dew point of the gases and the 

condensation temperature of the water vapor; 
2 0,

H O

dpt C  – dew point temperature of pure water 

vapor [1, 21];  

3
0

200
,

1.25
r
rel

r

relt

dp а А

S
t C




 =              (2) 

where 

а - share of what was taken away with the ashes, 

-; 
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Sr
rel and Ar

rel - reduced sulfur and ash contents 

relative to 1000 kJ/kg of fuel oil heat, %.kg/MJ [1, 

23]. 

Following these formulas (1 and 2) for the 

selected base fuel according to Table 1 the 

theoretical dew point is obtained: 084.0,t

dpt C= . 

Complete exclusion of low-temperature 

corrosion for air preheaters or economizers is 

provided if the temperature of the wall of the 

coldest section is higher than the dew point 

temperature by not less than 510°С (minimum 

temperatures refer to minimum loads) [13]. 

In the present analysis it is accepted that the 

temperature to which the gases in the utilization 

facility will be cooled down to is 120125°C. At 

this temperature, the gases will enter the emulsifier. 

It should be noted that in emulsifiers, almost 

complete trapping of sulfuric anhydride occurs. 

This means that the dew point of sulfuric acid 

vapors contained in the flue gases 
t

dpt  after entering 

the emulsifiers approaches the dew point of water 

vapor itself. Therefore it is not required to 

determine said temperature before the emulsifier 

stage [24]. 

THE ESSENCE OF THE INNOVATIVE 

METHOD FOR WASTE HEAT UTILIZATION 

Baseline (current situation) 

Most of the TPPs under analysis are 

characterized by high exhaust gas temperatures 

(150180 °С), leading to large heat losses with the 

exhaust gases and respectively low efficiency of the 

steam generator. A characteristic feature of steam 

generators is that the purification of gases is carried 

out by battery emulsifiers of the second generation 

and they are used in almost all thermal power 

plants, except for those in which first generation 

emulsifiers or even scrubbers are still in operation 

[2]. To prevent corrosion of the gas path, the 

purified gases at the outlet are heated by adding hot 

air to them after the boiler air preheater. After 

heating, the purified gases are sent through the 

outlet flue to the suction of the flue and then into 

the stack. The existing gas purification system not 

only does not allow the utilization of waste heat 

from the gases, but leads to a further reduction in 

the efficiency of the steam generator by about 3-

4%. In Fig.1 shows a schematic diagram of the gas 

path after the steam generator with a battery 

emulsifier. 

 

 
Fig.1. Schematic diagram of the gas path after the steam generator with a battery emulsifier 

 

Description of the proposed method for heat waste 

recovery 

The proposed method to improve energy 

efficiency provides for a more complete use of 

thermal energy of flue gases and the elimination of 

the need for additional heating in front of the stack. 

This can be achieved by directing a portion of the 

gas stream into a bag filter, which does not 

significantly reduce their temperature, and then 

mixing this portion with the main stream in the 

existing mixing chamber to achieve the desired 

overall temperature. The aerodynamic resistance of 

the bag filter, which will be connected in parallel 
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with the emulsifier, (140170 mm h.c.) does not 

differ from the resistance of the battery emulsifier, 

which will allow using the existing exhauster 

without changes. 

Moreover, such a scheme also allows deeper 

heat recovery from the main flue gas stream using 

an additional air preheater or economizer. 

Accordingly, two options for the implementation of 

this event are proposed: 

1. Installation of a bag filter and an air 

preheater; 

2. Installation of a bag filter and economizer. 

Thus, several positive effects are simultaneously 

achieved: 

    • energy consumption for heating flue gases with 

hot air is eliminated; 

   • part of the heat energy of flue gases is utilized; 

   • deeper cleaning of gases from ash is carried out; 

   • emulsifiers are unloaded, the volume of flush 

water directed to the ash dump is reduced, which 

reduces the load on the emulsifier and flush water 

pumps and theoretically makes it possible to reduce 

their power consumption (for example, by installing 

a frequency control when it is economically 

justified by the current prices and tariffs); 

• If there is market demand and economically 

viable transportation opportunities, baghouse ash 

can be sold for use in construction, agriculture or 

other industries. 

After installing the bag filter, as a result of 

eliminating the need for heating the exhaust gases 

with air and saving significant heat output, the 

annual coal consumption will decrease. At the same 

time, the level of cleaning of the total the volume of 

gases from ash will be increased by about 

approximately 15%.  

We will consider the two possible variants of the 

method implementation: 

Option 1: Bag filter and air preheater 

installation: 

This version of measures to improve energy 

efficiency provides for the installation of an air 

preheater simultaneously with the installation of a 

bag filter. However, only part of the gases (about 

85% of the volume) must pass through the air 

preheater and emulsifier, and the rest will enter the 

bag filter in parallel flow. The thermal power of the 

air preheater is calculated at an average load of all 

analysed boilers. In the air preheater, the exhaust 

gases will be cooled from 150180 to 120125 °C 

depending on the flue gas temperature, and the air 

entering the air preheater will be heated from 

ambient temperature to a certain value. The sulfuric 

acid dew point, calculated according to the standard 

method, is 83.4°C, while the calculated temperature 

on the surface of the wall of the air preheater pipe 

will be 110 °C, which guarantees the absence of 

corrosion during the operation of the air preheater 

even in winter modes. In Fig.2 a diagram of the gas 

path after installation of a bag filter and an air 

preheater is shown. 

 

 

Fig.2. Diagram of the gas path after installation of a bag filter and an air preheater 

After cooling the exhaust gases passing through 

the air preheater, they are purified in the existing 

emulsifier, in which the temperature of the gases 

will decrease even more, and the relative humidity 

will increase to 100%. The rest of the hot gases 

(about 15% of the volume, depending of the initial 
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flue gas temperature), which pass through the bag 

filters, after deeper cleaning from 3550 g / m3 to 

2535 mg / m3 will be mixed with the rest of the 

gas volume in front of the chimney. Despite the fact 

that the temperature of the main gas stream after 

cleaning in the emulsifier decreases to 5060 °C, 

due to the rather high temperature of the gases after 

the bag filter (about 5 °C temperature drop), the 

mixed flow will reach the required temperature of 

7072 °C. 

As a result of the installation of the air 

preheater, the annual coal consumption will 

decrease significantly. The total fuel savings as a 

result of the implementation of this energy-saving 

option will be 28007800 t / year, and the boiler 

efficiency will increase by 1.53.7%. 

The implementation of this version of energy 

efficiency measures will lead to an annual reduction 

in emissions of sulphur dioxide, nitrogen oxides, 

dust and ash, carbon dioxide, as well as ash and 

slag waste storage which values have been 

calculated for considered cases. 

Option 2: Back filter and economizer 

installation. 

This option of measures to improve energy 

efficiency provides for the installation of an 

additional economizer simultaneously with the 

installation of a bag filter. Only part of the gas flow  

(85%)  should  pass  through  the  economizer and  

emulsifier, and the rest (about 15%) will enter the 

baghouse filter in parallel flow. A smaller part of 

the gases passing through the bag filter, after deeper 

cleaning, will be mixed with the rest of the gas 

volume. Despite the fact that after cleaning in the 

emulsifier, the relative humidity of the main gas 

stream will increase to 100%, and its temperature 

will drop to 50-60 °C, due to the rather high 

temperature of the gases after the bag filter, the 

mixed gases before entering the chimney reach the 

required 7072° C. Fig.3 shows a diagram of the 

gas path after installation of a bag filter and 

economizer. 

In the economizer in front of the emulsifier, the 

exhaust gases will be cooled from initial flue gas 

temperature down to 120125°C, and the water 

flow from the return heating network entering the 

economizer will be heated from 55°C to a certain 

value depending on the water flow. The heat output 

of the economizer is calculated at an average boiler 

load. As a result of installing an economizer, annual 

coal consumption will decrease by 18002200 tons. 

Unlike the previous version with an air preheater, 

installing an economizer will lead to a slight 

increase in electricity consumption for water 

pumps. However, the total fuel savings as a result 

of energy saving measures will amount to 

2,8007,800 t / year, and the boiler efficiency will 

increase by the same 1.53.7%. 

 

 

Fig.3. Diagram of the gas path after installation of a bag filter and economizer 

The comparative analysis was performed 

between several variants of waste heat recovery 

units (air preheater and bag filter) of several 

different power steam generators (BKZ 420-140; 

BKZ-220-100 F; BKZ 160-100) operating at 

different heat loads, with different temperatures of 

exhaust gases. The analysis also includes a hot 

water boiler type KTVK-100, located in 

Ekibaztuzka TPP. In the present analysis the case 

with the realization of an economizer and a bag 
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filter is not considered, but the results are similar to 

those with air preheaters and bag filters. In 

addition, the fuel used for boilers has extremely low 

prices, which implies poor profitability of measures 

related to reducing fuel consumption. The 

calculations were performed for several Kazakh 

TPPs using second-generation emulsifiers for flue 

gas purification. 

Simulation calculations have been made with 

the software product „Steam boiler“, which are 

based on established methodologies for thermal 

calculations of steam generators [20]. 

The technical parameters are determined under 

real conditions, as the values are accepted as 

average for all boilers in 2020. As the analysis was 

made for four different cities (Stepnogorsk, 

Almaty, Pavlodar, Ekibastuz) with different 

climatic conditions, the initial temperatures of the 

heated air are different for the different cities. Coal 

prices and average operating hours also differ and 

this will have an impact on financial performance 

(redemption period, NPV, IRR). All boilers are 

equipped with a second generation emulsifier 

system for wet flue gas purification. Normative (or 

measured) temperatures have been adopted in the 

evaluation of the heat for heating the gases after the 

emulsifier. 

Full thermal calculations of the waste heat 

recovery units (WHRU) [18, 19, 22, 23, 24, 25] (air 

preheater in combination with a bag filter) have 

been made, and the production, installation and 

commissioning costs have been estimated at 

European prices. The ecological payments that can 

be avoided as a result of the realised savings from 

coal are also estimated. 

Comparative analysis of waste heat recovery 

devices for different steam boilers and conditions 

The benchmarks for selection between GTs and 

GPE at CHPs include: 

• Fuel savings; 

• Payback period; 

• Net present value; 

• Internal Rate of Return; 

• Specific savings; 

One of the most important criteria for assessing 

the feasibility of an investment related to energy 

efficiency is the minimum investment per unit of 

energy saved (EUR / MWh) min. This criterion is 

characterized by a high degree of objectivity, 

especially in countries where the price of fuels is 

many times lower than those on the world market 

[26]. Fig.4 shows a graphical dependence on this 

criterion for all analyzed steam boilers. 

 

Fig.4. Specific savings for different boilers 

 

 

Fig.5. Price of Ekibaztuz coal for the different regions 

used by all boilers 

The analysis shows that the most economically 

expedient is the investment for boiler BKZ-160-100 

F, in TPP-3 Almaty and shows that the investment 

for 1 MWh of saved energy is 7.92 EUR. This 

assessment is complex and includes a complex 

dependence on several criteria: fuel price, operating 

time of the steam generator, exhaust gas 

temperature, average boiler load, etc. Undoubtedly, 

the price of coal has the greatest influence on the 

economic feasibility of the introduction of energy-

saving equipment, because the assessment of 

savings is based on the most conservative method - 

the saved heat is estimated through the saved fuel. 

Because the introduction of a bag filter in the 

disposal system does not allow the entire gas flow 

to pass through the emulsifier, but only about 85%, 

which saves technical water, the price of water will 

therefore also have an impact on economic 

efficiency. An important advantage of the method 
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is that the dry ash mass can be collected through the 

bag filter and even profits from its sale can be 

realized. In the present analysis, this advantage is 

not taken into account due to the lack of investor 

interest in the sale of ash in Kazakhstan. In Europe 

and other countries such as the USA, Canada and 

Japan, the ash trapped by dry filters is used as a 

building material - mainly for the construction of 

roads and highways. 

Fig.5 shows the price of Ekibaztuz coal for the 

different regions used by all boilers. 

Fig.6 shows the price of technical water used in 

the operation of emulsifiers in different regions. 

 

 

Fig.6. Price of technical water for the different regions 

used by all emulsifiers 

CONCLUSIONS 

     A new waste heat recovery method is proposed 

and explained in the article. here are the most 

important conclusions based on the implemented 

study:  

1. The proposed innovative waste heat recovery 

method, comprising a combination of an additional 

air preheater and a bag filter or alternatively an 

additional economizer and a bag filter, is a topical 

option for steam generators and boilers using "wet 

methods" for flue gas purification (scrubbers, 

emulsifiers first and the second generation). The 

method makes it possible to use the useful 

temperature drop of the flue gases, whereby part of 

the hot gases is purified with higher efficiency in a 

bag filter and then mixed with the wet gases after 

the existing emulsifier, without the need for hot air 

from the boiler air preheater. 

2. The technical and financial analysis clearly 

shows the feasibility of the implementation of 

WHRU, despite the extremely low price of fuel and 

technical water, which negatively affect the 

payback period of the investment. Savings due to 

harmful emissions reduction (based on the emission 

charge) are also included in the assessment of the 

financial indicators. Their impact, however, is 

insignificant, but should be taken into account. The 

saved emissions reduce the average payback period 

of the investment by about 0.5 years. 

3. The financial analysis gives an indisputable 

advantage to WHRU for boiler BKZ-160-100F in 

Almaty CHP-3. With its highest IRR of 34.7% and 

Payback period 2.77 years, the project is extremely 

attractive for implementation. However, it should 

be noted that all presented variants of WHRU 

variants are characterized by a low Payback period 

(2.77-6.78 years) and so are attractive and deserve 

high investor attention. 

4. The realisation of the WHRUs has high 

environmental impact and is estimated to reduce 

Ekibaztuz coal use from 2867 to 8034 tons/year, 

CO2 emissions from 4153 to 11302 t CO2/year, SO2 

emissions from 38.8 to 108.1 t SO2/year and NOx 

emissions from 18.4 to 51.7 t NOx/year, depending 

on the selected boilers. 

5. The conclusions drawn can be used by experts 

in the field when making an investment decision 

regarding the introduction of the relevant 

technologies in TPP and CHP. 

ABBREVIATIONS 

CHP - Combined Heat and Power; 

IRR - Internal Rate of Return; 

NPV - Net Present Value; 

NPVQ - Net Present Value coefficient; 

PB - simple payback period; 

TPP - Thermal Power Plant 

WHR - Waste Heat Recovery; 

WHRU - Waste Heat Recovery Unit. 
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Hydrogen (H2) technology offers promising opportunities since hydrogen is a medium for the long-term storage of energy, to 

address peak loads by reconverting hydrogen to electricity via fuel cells. This approach can also be used for the transport sector and 

could be applied to fuel-cell-powered commercial vehicles. Furthermore, fuel cells enable the provision of large amounts of energy in 

a timely manner, relieving local electricity bottlenecks by an energy source without carbon dioxide (CO2) emissions. This paper shows 

how hydrogen technology can be used to power three fuel-cell-powered snow groomers to ensure a sufficient supply over the winter 

season and how the identified peak loads during the annual load analysis can be reduced by 25% and 50% compared to reference value 

by reconverting locally produced green hydrogen via a fuel cell. According to simulation results based on observed electricity 

consumption from real data, there is an electricity surplus in the target community (area Salzburg) during summer months. While this 

surplus does not meet the entire electricity demand on an annual balance sheet, the surplus could produce H2 of 21,250 kg yearly for 

the fuel-cell-powered snow groomers. Regarding additional renewable energy generation, the use of wind power and photovoltaic (PV) 

systems to partially cover peak loads and produce additional green H2 using the increased electricity surplus proved feasible. The 

existing peak loads are caused only by ski slope operations, which accounted for up to 19 MW during November compared to the 

separate peak load of about municipality at 7.7 MW. The simulations concluded that unrealistically oversized fuel cells and hydrogen 

components would be required. The analysis demonstrates that the full power of the fuel cell would only be needed for two months a 

year; hence, hydrogen seems to be unsuitable for this purpose. Nevertheless, the local production of green hydrogen has significant 

potential in terms of achieving a green tourism future in alpine regions. Alternative strategies of using H2 to prevent higher loads and 

frequency variations are reasonable and need to be explored with regard to blackout prevention strategies. 

Keywords: Power2X, green hydrogen, water electrolysis, sector coupling, heavy-duty vehicles, peak shaving, fuel cell 

powered snow groomer 

INTRODUCTION 

The shift to renewable energy sources is 

particularly important so that climate policy goals 

can be met [1]. The expansion of renewable energy 

producers in not only urban but also suburban areas, 

such as in tourism-intensive alpine regions, is 

indispensable to achieve a share of at least 32% of 

renewables in the European Union (EU) according 

to the [2]. The temporal discrepancy between 

electricity generation and consumption in a tourism 

community should be a focus for the further 

expansion of renewable energy and should at least 

cover peak loads; ideally, however, the energy 

production and energy consumption should be 

balanced over a longer period of time. 

The issue of the year-round balance between 

production and consumption plays an essential role 

in connection with the volatility of renewable energy 

production. The value chain for locally produced 

green hydrogen starts with water electrolysis. 

Electrolysis is a process that involves splitting water 

into its components: hydrogen (H2) and oxygen (O2).  
 

* To whom all correspondence should be sent: 

georg.brunauer@fh-salzburg.ac.at 

 

The hydrogen produced can be used within the 

electricity and transport sectors. For the electricity 

sector, the temporarily stored hydrogen is converted 

back into electricity via the fuel cell and can smooth 

out peak loads by supporting the local power grid. 

Among other applications, the hydrogen can be used 

for the transport sector. The transport sector in this 

paper includes only the supply of three fuel-cell-

powered snow groomers (FC-PSG) over a winter 

season; this field is possibly to become subject to 

regulations similar to those that apply to heavy-duty 

vehicles in the EU, which require a reduction of CO2 

emissions [3]. 

This paper focuses on the suburban area and 

includes a tourism intensive community in Salzburg 

(for reasons of data protection law, the community 

may not be published) according to [4]. Other papers 

increasingly examined the use of hydrogen in 

conjunction with battery storage systems such as 

Fasihi & Breyer (2020) or Papadopoulos et al. 

(2020) or power-to-gas applications such as Weidner 

et al. (2018) [5-7]. Therefore, this is the first paper 

dealing with the integration of hydrogen in tourism 

© 2021 Bulgarian Academy of Science, Union of Chemists in Bulgaria 
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regions and mountain railways with high peak loads 

in details. 

In addition, this paper describes how mountain 

railways can responsibly invest millions of euros in 

reducing CO2 emissions to preserve their livelihood 

while simultaneously promoting economic 

efficiency and climate protection. This research is 

conducted to enable communities and ski resorts to 

make the leap "into a green energy and tourism 

future" and secure "Austria's system leadership in 

the field of ecologically optimized winter tourism" 

[8]. 

OBJECTIVES 

The Objectives cover the main two sectors. For 

the transport sector, the supply of the FC-PSG and 

for the electricity sector the peak load coverage will 

be investigated. Derived from this, various research 

questions arise: 

- How do the monthly average peak loads behave 

in the community and the mountain railways? 

- To what extent can green hydrogen be used 

efficiently and effectively in an alpine tourism 

region to supply three FC-PSG and to reduced 

identified peak loads by 25% and 50% by 

means of conversion back into electricity via 

the fuel cell? 

- How are the adequate system components 

(electrolyzer, storage tank and fuel cell) to be 

designed for each scenario? 

The original goal was a 100% supply of 

renewable energy and the use of hydrogen for the 

community and mountain railways. However, the 

analysis of the electrical data, based on real data in 

15-minute timestamps from Salzburg Netz GmbH 

(local energy supply service provider), showed in 

Fig. 1 that the peak loads of the mountain railways 

produced enormous consumption by the snow 

cannons and therefore a 100% coverage was 

considered improbable. Since the community did not 

have such large peak loads, an approximation of 

25% and 50% were chosen to smooth the peak loads 

of the mountain railways. 

In Fig.1 the energy consumption reaches hourly 

peaks of over 19 MW in the months of November 

and December. In general, the load curve of the 

mountain railways behaves similarly over the entire 

underlying data set. Furthermore, the investigation 

showed that summer tourism and the accompanying 

use of the cable cars in this community requires 

significantly less electricity than in winter. 

In comparison, the local community has a far less 

significant peak load of 7.7 MW, however has a 

vastly higher annual electrical consumption of about 

34 GWh compared to the mountain railway’s 10.5 

GWh. This highlights the importance of handling 

peak loads for hydrogen energy systems to be viable. 

 

Fig.1. Consumption mountain railways from the 

season 2018/2019 (own figure) 

Based on the whole dataset from community and 

mountain railways different scenarios are set up in 

section three. The results are presented in section 

four. Finally, in section six (discussion and 

conclusion), the research questions are divided and 

answered in paragraphs, whereby research question 

two and three are combined, because the system 

components of hydrogen electrolysis are connected 

to cover peak loads. 

 

 

Fig.2. System configuration of base case 

METHODOLOGY 

Different scenarios are constructed and simulated 

using HOMER Pro (https://www.homerenergy.com; 

hereafter, HOMER). The provision of hydrogen for 

three FC-PSG in regular operation over a winter 

season is simulated; thereafter, further scenarios are 

built to meet peak demands with additional 

renewable sources. The hydrogen supply of the FC-

PSG in scenarios 1, 2 and 3 is guaranteed with a 

maximum priority. In case of a peak load coverage, 

various combinations were used to attempt to 

MWh 

Hour 
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contain the supply of hydrogen to the grid with the 

return of electricity via the fuel cell, especially at the 

end of the year. This results in a base case (Fig.2) 

presenting the current status in the whole area 

without using hydrogen electrolysis and three 

additional scenarios (Fig.3, Fig.4 and Fig.5) utilizing 

hydrogen electrolysis and peak load coverage: 

The scenario cases have been adjusted for 

economically viable configurations of renewable 

energy production within the constraints of heavily 

alpine geography. 

SCENARIOS SETTINGS 

a) Base case: actual situation in the target 

community without hydrogen electrolysis 

b) Scenario 1: H2 production to supply three FC-

PSG and max. peak load coverage, without 

additional renewables 

c) Scenario 2: H2 production to supply three FC-

PSG and approx. 25% peak load coverage, 

with additional renewables (1 MWp PV plant 

and 2x wind turbines of 4.2 MW each) 

d) Scenario 3: H2 production to supply three FC-

PSG and approx. 50% peak load coverage, 

with additional renewables (2 MWp PV plant 

and 4x wind turbines of 4.2 MW each) 

 

 

Fig.3. System configuration of Scenario 1 

For the simulation of the hydrogen quantity for 

the three FC-PSGs, a master’s thesis which deals 

with a fuel-cell-powered snow groomer is used [9]. 

Since there are different applications and 

requirements for a snow groomer, the required 

hydrogen quantity varies, so a reference vehicle was 

assumed in this paper. This representative vehicle 

has a service time of 9.3 h, an idle rate of 8.95%, and 

covers a distance of 69.4 km per day and for this 

vehicle, the required hydrogen consumption is 

around 47 kg. This results in the following amount 

of hydrogen for three FC-PSGs assuming that these 

vehicles are used for 150 days: 

 
47𝑘𝑔 𝐻2 ∗ 3 𝐻𝑦𝐵𝑢𝑙𝑙𝑦𝑠 ∗ 150 𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝑑𝑎𝑦𝑠 = 21,150 𝑘𝑔 
 

 

 

Fig.4. System configuration of Scenario 2 

 

Fig.5. System configuration of Scenario 3 

(1) 
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This amount of hydrogen is defined as a fixed 

parameter for the hydrogen supply of the three FC-

PSGs in the ski area. Within HOMER, this quantity 

must be available by 31st of October to supply the 

groomers during the winter period. 
 

DATA 
 

The electrical data set refers to the balance area 

(community and mountain railways) and is 

implemented separately in HOMER. The values for 

the year 2018/2019 were chosen with the help of the 

inventory analysis, which corresponds 

approximately to the average of the existing data. 

The analysis results show that 33.97 GWh/a are 

consumed by the community and 9.95 GWh/a by the 

mountain railways. The total production in the from 

installed PV plants in the community amounts to 

16.34 GWh/a. For the hydrogen components, the 

parameters in Tab.1 apply, while, for the additional 

installed renewable energy sources, the parameters 

in Tab.2 apply. 
 

Table 1. Implemented hydrogen electrolysis 

parameters for the simulation 
---------------------------------------------------------------------------- 

Electrolyzer [10-11] 

Efficiency 85% 

Minimum load ratio 5% 

Electrical bus DC 

Size iterative dimensioning 

Schedule HOMER optimized 

---------------------------------------------------------------------------- 
Fuel Cell [12-13] 

Efficiency 50% 

Minimum load ratio 5% 

Electrical bus DC 

H2 characteristics lower heating value 120 MJ/kg 

H2 characteristics density 0,090 kg/m3 

Size iterative dimensioning 

Schedule                     focused on Nov, Dec due to the identified 

                         peak loads, other months HOMER optimized 

---------------------------------------------------------------------------- 
gaseous H2 Tank 

Initial tank level 0 kg 

Require year-end tank level No 

Tank Size iterative dimensioning 

---------------------------------------------------------------------------- 
Converter AC 

Efficiency 98% 

Parallel with AC generator Yes 

---------------------------------------------------------------------------- 

Converter DC 

Efficiency  95% 

Relative capacity  100% 

---------------------------------------------------------------------------- 
In HOMER, the “cycle load strategy” is selected 

for the simulation. This strategy is a dispatch 

strategy where all power sources (grid, wind, PV, 

fuel cell) operate at full output power whenever the 

power sources must serve the primary load. In this 

case the community and the mountain railways are 

the consumers. The simulation software distributes 

the controllable power sources (grid, wind, PV, fuel 

cell) in a two-stage process observing a 15-minute 

time step for the simulation. HOMER selects the 

optimum combination of power sources (which 

consists primarily of renewable sources) to serve the 

electrical load (community and mountain railways). 

Table 2. Implemented parameters of additionally 

installed renewable energy sources 
---------------------------------------------------------------------------- 

Photovoltaics [14] 

 Scenario 2 Scenario 3 

Power output 1 MWp 2 MWp 

Efficiency 19,01% 

Electrical bus DC 

Operating temp. +85°C to -40°C 

Derating factor 90% 

Relative capacity 100% 

Solar radiation 3.25 kWh/m2/day [15] 

---------------------------------------------------------------------------- 
Wind turbine [16] 

 Scenario 2 Scenario 3 

Power output 2 units [8.4 MW] 2 units [16.8 MW] 

Hub height 135 m 

Rotor diameter 127 m 

Electrical bus AC 

Ambient temp. 5.34°C [17] 

Wind speed 6,5 m/s [18] 

---------------------------------------------------------------------------- 
 

RESULTS 
 

The results of the simulation refer to the reference 

year, 2018/2019. As the primary load or consumer, 

the community and the mountain railways were 

initially simulated separately but were subsequently 

combined as presented in Tab.3, Tab.4 and Tab.5. 

The total electricity generated from renewables are 

also subsequently combined. In Tab.4, the peak load 

coverage refers to the month of November. 

According to the inventory analysis, considerable 

peaks occur during November due to the snow-

making systems of the mountain railways, which can 

be partially covered by the production of the fuel 

cell. The base case and the three scenarios are 

divided into electrical data, peak load coverage and 

hydrogen electrolysis. 

Table 3. Results of electrical data 
---------------------------------------------------------------------------- 

Base case Scenario 1 Scenario 2 Scenario 3 

---------------------------------------------------------------------------- 

Primary load [kWh/a] 
43,848,399 43,848,399 43,848,399 43,848,399 

---------------------------------------------------------------------------- 

Renewables [kWh/a] 
16,339,251 16,339,251 46,642,059 76,944,867 

---------------------------------------------------------------------------- 

Grid purchased [kWh/a] 
28,875,455 28,825,665 8,053,184 615,977 

---------------------------------------------------------------------------- 

Grid sold [kWh/a] 
1,283,350 135,267 545,185 15,950,372 

---------------------------------------------------------------------------- 
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Table 4. Results of peak load coverage 
---------------------------------------------------------------------------- 

Base case Scenario 1 Scenario 2 Scenario 3 

---------------------------------------------------------------------------- 

Max. peak load Nov. [kW] 
23,105 23,105 17,296 11,293 

---------------------------------------------------------------------------- 

Peak load coverage [%] 
- - 25.14 51.12 

---------------------------------------------------------------------------- 

Fuel cell [kWh/a] 
- 51,467 4,829,761 8,206,272 

---------------------------------------------------------------------------- 
 

Table 5. Results of hydrogen electrolysis 
---------------------------------------------------------------------------- 

Base case Scenario 1 Scenario 2 Scenario 3 

---------------------------------------------------------------------------- 

Electrolyzer [kW] 
- 1,200 7,000 10,000 

---------------------------------------------------------------------------- 

Fuel cell [kW] 
- 300 4,000 10,000 

---------------------------------------------------------------------------- 

Tank [kg] 
- 75 150,000 200,000 

---------------------------------------------------------------------------- 

Converter [kW] 
3,136 2,986 6,719 10,228 

---------------------------------------------------------------------------- 

H2 for 3x FC-PSG [kg] 
- 21,150 21,152 21,152 

---------------------------------------------------------------------------- 

H2 for fuel cell [kg] 
- 3,088 289,786 492,376 

---------------------------------------------------------------------------- 
 

Scenario 1 is not suitable for peak sheaving, as 

only a small peak load coverage is possible due to 

the fact that the fuel cell size of 300 kW is not 

sufficient for peak load coverage. In contrast, 

scenario 2 (see Tab. 4) smooths the peaks by 25.14% 

in November, there is no need to purchase any 

electricity from the grid from May to October. 

Scenario 3 (see Tab. 4) covers peaks of 51% in 

November and 53% in December. 

Scenario 3 covers the burden of the entire balance 

area from February to October but only half in the 

winter months of November and December. The 

results examined according to the inventory analysis 

related to the short-term peak loads of the mountain 

railways, occurring within minutes, so the 

additionally installed capacity of the fluctuating 

renewables should be able to provide the energy 

within a few minutes. In contrast, the fuel cell 

produces about 4.8 GWh of electricity in scenario 2 

and about 8.2 GWh/a in scenario 3. 

CONCLUSIONS 

In terms of the monthly average energy needed, 

the use of snow-making systems and their 

infrastructure causes the peak loads of the mountain 

railways to increase to 465% (max. ~ 19.1 MW) in 

November, while simultaneously energy demand in 

the community increases to 155% (max. ~ 6.1 MW) 

to their respective reference values. It should be 

noted, that this is not highest annual demand peak of 

the community, which takes place outside of 

November. 

According to predefined parameters for hydrogen 

technology from the literature, the simulation results 

(scenario 1) suggest that currently, without 

additional renewable energy sources, a 1.2 MW 

electrolyzer would be the optimal design to produce 

the hydrogen supply of 21,150 kg for three FC-PSG. 

In addition, to ensure the operation of the FC-PSG 

during a winter season, a surplus of 3,088 kg H2 can 

be produced. In this scenario, 90% of the locally 

produced annual surplus is used for electrolysis. For 

the months of November and December, an attempt 

was made to use this surplus hydrogen by converting 

it back into electricity in a fuel cell, resulting in a 

design of 300 kW. However, this design can only 

cover 1.6% of the consumption peaks. In terms of 

the balance sheet, there is little change in this 

scenario within the municipal area in relation to the 

electricity self-supply. 

To shave the peak loads at 25% and 50% each 

(scenarios 2 and 3), the use of additional renewable 

energy sources is required. Taking realistic local 

data into account, average wind speed and solar 

irradiation and their complementarity to local 

hydropower, a combination of wind power and PV 

systems proved reasonable. For these scenarios, PV 

systems with 1 or 2 MWp and two or four wind 

turbines with a capacity of 4.2 MW in total seems to 

be a comprehensible approximation. These results 

were put into the respective simulation models. In 

both scenarios, the primary load in the balance area 

(community and mountain railways) would be 

completely supplied by local power plants. 

According to the simulation software, however, 

some peak loads would continue to exist because of 

the volatile load profiles of the renewables. In 

principle, a power surplus is used for a 7 or 10 MW 

electrolyzer. Despite twice the installed capacity of 

the renewables in scenario 3, a maximum 

electrolyzer capacity of 10 MW is required because 

the amount of hydrogen produced is already 

sufficient for the designed fuel cell to cover 50% of 

the peak load in November and December. An even 

larger quantity of H2 could be produced from the 

resulting electricity surplus. Subtracting the H2 

quantity for three FC-PSGs according to the 

predefined parameters of the electrolyzer, this results 
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in quantities of 289,786 kg H2 (scenario 2) and 

492,376 kg H2 (scenario 3), respectively, which are 

available to the fuel cell with an output of 4 MW and 

10 MW. Thus, the peak loads in November can be 

covered by exactly 25.24% and 51.12%, and the 

electricity from the local grid can be limited. 

DISCUSSIONS 

The results regarding the optimal design of the 

fuel cell for H2-regenerating into electrical power 

demonstrate that the fuel cell capacity is only fully 

utilized in November and December; hence, the fuel 

cell is only in partial load operation during the other 

months. Among other factors, the volatility of the 

renewables influences the result, so the peak loads 

can be covered more effectively by additional 

renewables. According to the results of the 

simulation, a fuel cell for peak load coverage is 

questionable under the predefined conditions, and 

the hydrogen components would require high power 

capacities. 

The specific use-case of supplying FC-PSGs such 

as snow groomers with locally produced hydrogen is 

shown to be viable already with small expenditure. 

Scenarios 2 and 3 give insights on how hydrogen 

interacts with heavy peak load management on a 

local level in an alpine tourism environment. This 

knowledge can be further expanded by applying it to 

a more suitable energy community in additional 

studies.  
 

CONCISE CONCLUSIONS  

Specifically, further study by the authors will be 

concluded in the municipality of Obertrum within 

the project “H2 Village”. A less seasonally focussed 

yet still pronounced peak load profile allows more 

flexibility with hydrogen usage around the year. 

Additionally, using hydrogen for a local beverage 

industry’s energy and logistics demands applies 

further understandings of this paper in a widely 

replicable manner. Particularly the usage of 

hydrogen in adapted lorries is expected to decrease 

emissions significantly.  

Since several topics were not considered in this 

research paper for strategic reasons and due to the 

system limits of the simulation, further 

investigations are necessary to establish the use of 

hydrogen electrolysis in alpine regions (e.g. energy 

communities). For example, in order to analyze the 

economic efficiency, the costs for the achieved peak 

load coverage would have to be compared with the 

current energy price of the mountain railways. 

Another aspect is the investigation and further use of 

oxygen, which is a by-product of hydrogen 

electrolysis. Its use would have a positive effect on 

the calculation of the economic efficiency of 

hydrogen electrolysis. Regarding the extension of 

the system boundaries, this could include the thermal 

energy utilization that is generated during the 

conversion of electricity from the fuel cell - for 

example, by feeding the resulting thermal energy 

into a district heating network. 

If the system boundaries are extended, 

electrochemical storage systems can create synergies 

between the electricity, transport and heating 

sectors. Thus, from a holistic perspective, both the 

economic efficiency and the system design as well 

as the energy balance of the resulting system can be 

significantly influenced. 
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The problem with indoor radon and solution in the use of geothermal water 
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Bulgaria is rich in geothermal water. The radon level in spas buildings depends on soil underneath, thermal water and the 

ventilation conditions. The aim of the paper is to analyses influence of ventilation system on indoor radon in air in the spa buildings. 

Direct measurements of radon in the air were performed in treatment rooms (treatment with thermal water and without) and mineral 

pools. A statistically significant difference was found between the indoor radon levels in treatment rooms using water and those 

without water, located in branches with high radon concentration (MW, p = 0.032). The spectra of the rooms for 24 hours were 

considered for analysing the indoor radon daily variations. The radon arithmetic mean value in rooms with operating ventilation 

system was 148 Bq /m3, and in those without - 756 Bq /m3 and the statistically difference is significant (MW, p <0.0001). Further the 

radon levels decrease 1.7 to 3.3 times when the ventilation works. To improve air quality in Rehabilitation Centres, the ventilation 

system must be in good function. The mineral water is also a source of radon and varies according to its degree of use. The effective 

dose of a visitor who performed thermal procedures was also evaluated. 

Keywords: Indoor radon concentration, geothermal water, ventilation system, spas, direct measurement, spectra  
 

INTRODUCTION 

Bulgaria is a country that is relatively rich in 

geothermal water, the temperature of which is in 

the range 25ºC-100ºC. The mostly (>95%) of 

natural mineral springs are concentrated in the 

southern part of Bulgarian territory. Generally, 

there are more than 170 geothermal fields in 

Bulgaria and numerous manifestations have 

been discovered and delineated (~ 1000 natural 

mineral springs and 2000 boreholes) [1, 2]. 

According to the Water Act, 102 of all 

hydrothermal fields in Bulgaria are specified as 

exclusive state property. The rest are municipal 

property [3]. 

Thermal waters can be used for electricity 

production (at temperatures > 150°С) or at 

lower temperatures for direct application - 

heating of buildings and greenhouses, bottling of 

mineral water, etc. Traditionally, their greatest 

application is in the field of balneology. Most of 

them are very popular with the population in the 

area of prevention, medical therapy and 

rehabilitation as well as tourism and recreation 

[1].  

The major factors that contribute to the 

geothermal development in Bulgaria are: long 

tradition,    favourable      climate,     appropriate 
 

* To whom all correspondence should be sent: 

b.kunovska@ncrrp.org; n.chobanova@ncrrp.org 

thermal water composition and a developed spa 

system [1]. 

In spa environment radon and its decay 

products have been considered as the main 

ionizing radiation exposure for both users and 

workers therefore the radon in spas should be 

monitored [4]. Radon is recognized as a leading 

cause of lung cancer incidence, excluding 

tobacco [5, 6]. The risk of radon exposure is 

mostly associated with high radon 

concentrations in confined environments and the 

subsequent inhalation. Radon is formed from 

radium, dissolve in groundwater, which is 

contact with soil and rocks containing radium. 

Its high degree of mobility allows it to be 

transported to the surface and then diffuse into 

the atmosphere and buildings. Geothermal spas 

are one of the common confined places where 

radon may be present in higher concentrations 

due to aeration, small ventilation or constructive 

details [7, 8, 9, 10]. Such places must be 

subjected to special investigation, taking into 

account that radon level in spas buildings 

depends on both two potential factors (soil 

underneath and thermal water) and the 

ventilation conditions of various premises. 

The European Directive 

2013/59/EURATOM defined the reference level 

for the annual average activity radon 

concentration in houses, public buildings and 

workplaces should not be higher than 300 Bq.m3 

© 2021 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 
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[11]. The requirements have been harmonized 

into Bulgarian national legislation [12]. 

The aim of the article is to analyse the 

influence of water as an additional source of 

radon in the air and daily variation of indoor 

radon in order to assess the effect of the 

ventilation system, as a possible solution to 

reduce the exposure of the population.  

MATERIALS AND METHODS 

Area of study 

To achieve the purpose, the variation of 

indoor radon concentration in 11 branches of the 

Specialized Hospitals for Rehabilitation - 

National Complex (85% of the national 

branches with thermal spas in Bulgaria), located 

on the territory of Bulgaria have been studied. 

These sites use geothermal water for treatment 

and that's why we agreed to call them spa. 36 

treatment premises located in 11 branches were 

surveyed. The spa buildings are located in 9 

districts of Bulgaria - one in Sofia district, one 

in Plovdiv district and the other 7 are in western 

part of Bulgaria, in the districts of Blagoevgrad, 

Kyustendil, Pazardzhik, Stara Zagora, Smolyan, 

Montana and Veliko Tarnovo, respectively. 

Fig.1 shows the location of the studied branches.  

 

Fig.1. Location of the studied Bulgarian spas (1-

Narechenski Bani, 2-Momin Prohod, 3-Hisarya, 4-

Pavel Banya, 5-Varshets, 6-Bankya, 7-Kyustendil, 8-

Sandanski, 9-Velingrad, 10- Banite,11- Ovcha 

Mogila)  
 

The spas are open all year round. Many 

patients are treated in these spa complexes, 

which are recommended for respiratory 

diseases, dermatology, rheumatology, 

neurological diseases etc. They apply different 

services and treatment techniques as baths, jets, 

circular showers, inhalations, sprays, sauna, 

underwater massage and manual massage. The 

treatment rooms are supplied with thermal water 

which contains specific amounts of dissolved 

substances and together with the high 

temperature turn out beneficial health effects. 

Spring water is pumped from its source through 

a mechanical drainage system located a few 

meters outside the spa.  

The variations of radon in the air of the 

studied premises have a great variability and can 

be controlled by many factors (ventilation, 

number of patients using the equipment, 

humidity, etc.). The ventilation in the treatment 

rooms, apart from the naturally is carried out 

through a built-in ventilation system. 

Information about the ventilation system in the 

premises was collected via specially prepared 

questionnaire and analysis of the influence of 

the factor was made too. There are working 

general or partial ventilation systems in 5 

branches. In other six buildings there are no 

ventilation systems. In most branches the 

ventilation system works 4 hours a day, and in 

only one of them is less. A total of 36 

measurements were performed in treatment 

rooms (treatment with thermal water and 

without) and mineral pools. 18 of the measured 

rooms are located on the ground floor, eight are 

in the basement, nine - on the first floor and only 

one on the second floor. 

Measurement methods 

Radon concentrations in the air of the spa 

complexes were measured by Alpha Guard 

PQ2000 radon monitor (Genitron Instruments, 

Germany), detector AlphaE (Saphymo GmbH, 

Germany) and TERA (TSR3D) system (Tesla, 

Czech Republic).  The equipment also registered 

air temperature (-20°C to +60°C), humidity 

(10% to 90%) and energy spectrum. Measuring 

system Alpha Guard PQ2000 uses a principle of 

the ionization chamber (contaminated 

background of 40 Bq.m3); radon enters the 

detection area (through a Rn progeny preventing 

filter), where it is measured by α-spectrometric 

technique. The device is not affected by high 

humidity and vibration. Its range has a linear 

dependence from 2 Bq.m-3 to 2,000,000 Bq.m3. 

Data analysis, processing, and storage were 

performed using the DataEXPERT software. 

With this equipment radon measurement were 

performed in the spa centres for 24 hours in the 

period from February to June 2019 (12 

measurements). 
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AlphaE is an active measurement device for 

detecting and recording the radon concentration. 

Based on the diffusion principle with silicon 

detector the radon gas diffuses through the entry 

holes of the case into the inner of the diffusion 

chamber. As the holes are entirely covered by a 

Gore-Tex membrane only the radon gas can 

enter the chamber while the decay products, are 

retained by the filter.  

With TERA (TSR3D) system it is possible to 

continuously monitor the radon concentration in 

the range of 20 Bq.m3 to 1 MBq.m-3, with 

possibilities for measuring the instantaneous 

volume activities of radon: short-term (average 

hourly) and long-term (daily average). The 

measurement uncertainty is as follows <13% at 

300 Bq.m3 for 1 hour; <3% at 300 Bq.m3 in 24 

hours. The 24 hours’ radon spectra were 

measured from October 2019 to February 2020 

with newly received equipment, supported by 

the Bulgarian National Science Fund. Direct 

measurements and monitoring of the radon 

concentration over time allow clarification of 

the possible reasons for the dynamics of radon, 

as well as the formulation of specific 

conclusions about its distribution in time and 

space of the measured premises. 

During these measurements, the devices 

Alpha Guard PQ2000 and AlphaE was operated 

in the 10 minutes’ data sampling cycle while 

TERA (TSR3D) system for 1 hour. Direct radon 

measurements were performed in treatment 

rooms and mineral pools, which are located in 

ground floor, basement and first floor. 

Information from questionnaire 

Through a purposive questionnaire we 

received information about the type of building 

construction, year of construction, presence of 

mechanical ventilation systems, presence of 

elevators, does ventilation system works, done 

any energy saving measures, the types of 

windows etc. Such a questionnaire was 

completed by an employee in each spa branch. 

Statistical analysis 

To perform statistical analysis was used IBM 

SPSS Statistics, v. 23. The measurements are 

grouped as follows: types of premises (with 

water and without water) and premises with 

ventilation system (working and no working), to 

assess the radon variations. Descriptive analysis, 

parametric and non-parametric tests are applied 

for data processing. A parametric test of 

Kolmogorov-Smirnov was used to check the 

normality of the distribution of radon 

concentration in air and a non-parametric Mann-

Whitney test was applied to compare two 

independent groups. Level of significance is 

p<0.05. 

RESULTS AND DISCUSSION 

The descriptive statistic of direct 

measurements of radon concentration in 36 spa 

premises is presented in Table 1. The radon 

concentrations are not following a log normal 

distribution (p<0.05). The obtained arithmetic 

mean and standard deviation have been found to 

be 604 Bq.m3 and 1020 respectively.   

Table 1. Descriptive statistic of radon 

concentrations measured in 36 premises 

       Premises              AM        Min        Max 

                          CRn  CRn        CRn       CV 

----------------------------------------------------------------------- 

                        Bq.m3    Bq.m3    Bq.m3       %     

----------------------------------------------------------------------- 

         36       604          16         4455       169   

 

The coefficient of variation is 169%, which 

shows a large difference between the 

concentrations of radon in the studied premises. 

This percentage is so high due to the large range 

of radon concentration from 16 Bq.m-3 to 4455 

Bq.m-3. The large deviation of radon levels is 

due to different factors such as: location and 

construction of the building, the presence of a 

working ventilation system, the composition of 

the mineral water in the individual spa 

buildings. 

We analysis two groups of premises: rooms 

using water and those who do not use water 

(Fig.2). The indoor radon is higher in rooms 

with water (AM=634 Bq.m3), than in rooms 

without water (AM=355 Bq.m3), indicating that 

the use of geothermal water for treatment 

increases radon levels in the air. 

To explore the hypothesis if the thermal 

water affected the variations of radon in 

treatment rooms the measurements in two 

branches (Narechenski Bani and Momin 

Prohod) with high levels of radon are considered 

for detail analysis. A statistical test to confirm 

the hypothesis that the used mineral water is an 

additional source of radon in air of the studied 

premises was performed. The values of indoor 

radon concentration differ significantly between 
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the studied premises - with water and without 

water (MW, p = 0.032). Thermal water is a 

radon source, which varies according to its 

degree of use in the treatment rooms. The 

analysis of the spectra indicates that usually the 

indoors Rn values vary depending on the work 

activities during the day. Our results are 

comparable with the values reported for spas in 

other regions worldwide [10, 13]. 

 

 
 

Fig.2. Distribution of radon concentration 

depending on the use or non-use of water in the 

treatment premises 

 
In order to evaluate the efficiency of the 

ventilation system, the results of Narechenski 

Bani and Ovcha Mogila are analyzed. Both sites 

have a well-functioning ventilation system 

operates more than 4 hours a day (it turns off in 

the evening and turns on in the morning). To be 

analyzing the indoor radon daily variations in 

premises the spectra of direct measurements for 

approximately 24 hours were monitored. In the 

Narechenski Bani branch, radon levels have 

been found above the national reference level 

for both period of measurement. The arithmetic 

mean of CRn when ventilation system is 

functioning AM=572 Bq.m3 and when is non-

operating AM=984 Bq.m3. At these high levels 

it is necessary to carry out additional activities 

to improve ventilation (air exchange rate 

measurement, radon mitigation systems, and 

others). The comparison of radon values during 

running and stopped ventilation shows a 

statistically significant difference (MW, 

p<0.0001) (Fig.3).  

In Ovcha Mogila are registered low levels of 

radon. The spa is situated away from the thermal 

water source and during the transport of water 

from the spring to the rooms degassing of radon 

occurs and this is the possible reason for low 

radon concentration [14, 15]. When the 

ventilation system working the AM is 18 Bq.m3 

and when it is not functioning AM is 60 Bq.m-3. 

А statistically significant difference was found 

(MW, p=0.002) (Fig.4). The concentration of 

radon decreases depending on the functioning of 

the ventilation system, the size of the room, the 

meteorological conditions and, etc. 

 

 

Fig.3. Distribution of the indoor radon depending 

on the efficient of the ventilation system in 

Narechenski Bani. 

It is interesting to note that radon 

concentration decreases 3.3 times in Ovcha 

Mogila while radon levels in Narechenski Bani 

decrease 1.7 times only.  

 

Fig.4. Distribution of the indoor radon depending 

on the efficient of the ventilation system in Ovcha 

Mogila 
 

Increasing ventilation rate increases air 

change rate which decreases radon level. Direct 

supply of radon rich thermal water to the 

treatment area and non-efficient ventilation 
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system have an impact on the radon 

accumulation in the air of premises. Our results 

find ventilation play the major role in the 

cumulating of radon in indoor air of spas. 

DOSE ASSESSMENT 

To estimate the dose in the lungs that visitors 

can receive in rooms we used a model of lung 

deposition of radon progeny and dosimetry. The 

effective dose of a visitor who performed 

procedures with thermal water in different spas 

was evaluated according to ICRP 137 [16]. A 

reference value dose coefficient of 3 mSv per 

mJ.h.m3 corresponds to 6.7x106 mSv per 

Bq.h.m3 assuming an equilibrium factor, F, of 

0.4 were used [16]. Normally each visitor uses 

the mineral water in the pools and treatment 

rooms from one to four hours a day. The 

average radon concentration was analysed from 

the spectra of direct measurements during the 

visit. The results of the analysis are presented in 

Table 2. The values obtained vary from 10.3 to 

0.1 μSv per hour. In most of the surveyed 

branches (9 numbers) the values remain low and 

are comparable to the values reported for some 

spas [17, 18, 22]. 

Table 2. Effective dose for visitors per hour in 

rooms using water 

Spa AM CRn    EfD         Humidity  

                   Bq.m3             μSv      % 

Momin Prohod        3852            10.3              152 

Narechenski Bani          965              5.0                56 

Hisarya          118               0.6                59 

Pavel Banja           58               0.3                53 

Varshets            61               0.3                45 

Bankya            89               0.5                29 

Kystendil          126               0.7                76 

Sandanski           30               0.2                54 

Velingrad           59               0.3                50 

Ovcha Mogila           22               0.1                67 

Banite            32               0.2                59 

The potentially increase of air radon 

concentration is higher in places with water 

therapy, such as swimming pools, bathtubs, 

tangents etc. where there is a high level of 

steam, and humidity due to the use of more 

water [19]. The highest humidity is recorded in 

Momin Prohod, where the radon concentration 

is the highest and there is no ventilation system 

(Table 2). The technique of bath filling 

influenced the contribution of radon in the pool 

and bath areas of the spa. Other studies have 

found largest increase in internal radon when the 

bath is filled with water taps [19, 20, 21]. In our 

case the measurements indicate higher values 

during the use of geothermal water for 

treatment. A more accurate the radon exposure 

impact assessment of the environment could be 

done by conducting simultaneously targeted 

studies in both environments wet (such as spa) 

and dusty (such as mining).  

CONCLUSION 

Measurements of 222Rn concentrations in 

indoor air of spas buildings in Bulgaria were 

carried out using continuous measuring 

instruments. The radon concentration varied in 

the range of 16 - 4455 Bq.m3. 

The visitors’ effective lung dose is low 

(except Momin Prohod and Narechenski Bani) 

and is comparable with the values reported for 

other spa studies. The radiation dose varied 

depending on factors such as type of premises 

(with geothermal water and without), presence 

of a ventilation system, ventilation rate and time 

spent in the treatment premises.  

The difference in the concentration of radon 

in premises with water therapy and others 

without water has been confirmed, which proves 

that geothermal water is an additional source of 

radon in the spa. We have also observed that 

mineral water as a source of radon increases the 

concentration of gas in the rooms where water 

therapy is performed. 

The limited number of spas (Momin Prohod 

and Narechenski Bani) have radon levels in air 

above the national reference level. For the 

Narechenski Bani branch, measures must be 

taken to improve ventilation, while in Momin 

Prohod a mechanical ventilation system must be 

built to better protect human health. 

The results of the direct radon measurements 

and spectrum analysis showed that working 

ventilation system have significant impacts on 

radon content in a larger number of treatment 

premises. One of the possible solutions for 

improving indoor air quality is the well-

functioning ventilation system. The effective 

dose for visitors in different branches varied 

depending on factors such as the effective 

ventilation system, and the using of thermal 

water for therapy. The results of the study could 

be useful to optimize radon concentration in 

building with public access as spa centers.  
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Comparative study of the extracting polysaccharides from Traditional Chinese 

Medicine Astragali Radix in the field of new biological cellulase-assisted enzymes 

technology 
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Traditional Chinese Medicine Astragali Radix (AR) that is included in the edible herbal list made by the Ministry of Health of 

China possesses multiple immunomodulatory effects. This study had shown that Astragalus polysaccharide (APS) among ingredients 

that play the significant role in immune regulation is the most active one. Biological enzymes, as innovative biological technology in 

the field of new energy, such as cellulase-assisted enzyme, were used in preparing the APS from Astragali Radix in this study. The 

conventional water reflux extraction was employed as the control group. Using the content of total polysaccharides as the evaluation 

index, anthrone-sulfuric acid method was applied to determine polysaccharide content. With ratio of raw material to water 1:30 

g/mL，the polysaccharide content of the traditional process could be up to 4.82% when time was 120 min and  temperature was 

90°C. Cellulase-assisted enzymatic extraction conditions of polysaccharide was optimized by single factor experiments. The optimal 

extraction conditions were as follows: dosage of cellulase, enzymolysis temperature 55°C, and pH 5.0. Under the optimal extraction 

conditions, the content of polysaccharide was 1.56%. Although, the content of cellulase-assisted method used to extract 

polysaccharide was a litter lower，but the macromolecules in AR were extracted quickly and transformed into small molecules with 

molecular weight less than 10 kDa on the basis of simulating the temperature and enzyme-like environment, with which cellulase 

enzymes are more easily to break down plant cell walls and could be absorbed effectively by the digestive tract in the human body. 

Therefor it provides theoretical reference for further development APSs.  

Keywords: Astragalus polysaccharides, cellulase-assisted enzymes extraction, water reflux extraction, comparative 

study  

INTRODUCTION 

Astragali Radix (AR), also well-known as 

Huangqi in China, it is derived from the dried root 

of perennial legume Astragalus membranaceus 

(Fisch.) Bge. var. mongholicus (Bge.) Hsiao and A. 

membranaceus (Fisch.) Bge. [1]. AR is one of the 

essential and commonly used Traditional Chinese 

Medicine (CHM) to tonify Qi ， its medicinal 

history has been recorded for more than 2000 years. 

Moreover, AR has been included in the list of 

national drug and food homology in 2018. To date, 

over 30 polysaccharides had been found in AR. 

Most of them are heteropolysaccharides. The 

bioactivities of polysaccharides are related to their 

structures, glycosidic bonds, monosaccharide 

compositions, ratio of monosaccharides, molecular 

weights, and so on. The immunoregulatory effects 

of Astragalus polysaccharide (APS) were mainly 

related to their structures α-(1 → 4)-D-glucan. 

Generally, the molecular weights of the 

heteropolysaccharides are in the range of 8.7 kDa to 

4.8 × 10 3 kDa，the molecular weights range with 

good water solubility were from 10 to 1.0×10 3 kDa.  
 

* To whom all correspondence should be sent: 

liyunlanrr@163.com. mllmll@126.com 

The activities were the strongest when the 

molecular weights were between 10 kDa and 50 

kDa [2-3]. Studies have shown that APS has 

significant immunomodulatory effects on antitumor 

and antiinfection [4]. APS-Ⅱ are the most immune 

active parts of Astragalus polysaccharides (APSs), 

and their molecular weights are about 10 kDa. In 

the monosaccharide compositions of the immune 

active APSs, Glu is the most abundant, then 

followed by Ara and Gal.  The molecular weights 

of APSs for injection are mainly concentrated in 10 

kDa approximately, indicating that the molecular 

weights of 10 kDa were the main parts of their 

efficacy [5]. It was preliminarily speculated that 

AHPS (Astragalus heteropolysaccharides, about 11 

kDa) was mainly transported and absorbed by small 

intestinal cells by everted gut sac method in rats. 

Preparation processing, especially the methods for 

herbal extraction, would bring different 

pharmacological effect. Currently, the most 

common polysaccharide extraction method is hot-

water extraction and alcohol sedimentation. In 

recent years, various innovative green extraction 

techniques, such as ultrasonic assisted extraction, 

semi-bionic extraction [6-7] and enzyme assisted 

extraction are in practice for isolation of bioactive 

polysaccharides. Enzyme assisted extraction 

technology offers many advantages, such as higher 
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extraction yield, lower energy requirements and 

suitable for the organism to absorb owing to the 

imitative biological environment, compared to 

conventional extraction methods. The effects of 

biological enzymatic extraction of polysaccharides 

are also superior to the other methods in terms of 

biological activities such as antioxidant and 

anticancer effects. It may enhance the activities of 

polysaccharides by keeping their relative molecular 

weights at a suitable low level [8-10].  

The conventional water reflux extraction was 

employed as the control group. Anthrone-sulfuric 

acid method was applied to determine the content 

of total polysaccharides (in terms of Glu) [11]. This 

research aims to describe a comparative study of 

the extracting polysaccharides from AR between 

the new biological cellulase-assisted enzymes 

technology and conventional extraction method. 

With total polysaccharides content as index, single 

factor experiments were employed to optimize 

parameters of the influencing factors such as the 

enzyme amount, enzyme treated temperature and 

the range of pH value. 

EXPERIMENTS 

Plant materials, reagents 

AR slices (5 years, wild or imitation wild) were 

purchased from Datong of Shanxi and certified by 

professor Y. Bai from Shanxi Medical University 

as Astragalus membranaceus (Fisch) Bge. Var. 

momgholicus (Bge). Hsiao. Cellulase (activity of 

30 units/mg, food grade) was acquired from 

Zhejiang Yinuo Biotechnology Co., Ltd (Zhejiang, 

China). D (+)-glucose (080M00143V, >98%) was 

obtained from Shanghai Yuanye Biotechnology 

Co., Ltd (Shanghai, China). All the other reagents 

used were of analytical grade.  

Apparatus 

A pulverizer (Model LG-200, Ruian Baixin 

Medicine Machine and Instrument Factory, China) 

was used to pulverize AR slices. An ultrasonic 

apparatus (Model KQ3200E, Kunshan Ultrasonic 

Instrument Co. Ltd, China) was used to degrease 

AR power. A water bath (Model HH-2, Shanghai 

Guohua Electric Appliance Co. Ltd, China) was 

applied to polysaccharides extraction. An electronic 

balance with 0.0001 g readability (Model TP-213, 

Beijing Danfu Instrument Co. Ltd., China) was 

used for weighing AR degreased power. An oven 

(Model DHG-9035A, Shanghai Qixin Scientific 

Instrument Co., Ltd, China) was used to dry 

polysaccharides from AR. A low-speed centrifuge 

(Model 800, Shanghai Surgical Instrument Factory, 

China) was used for separating polysaccharides. An 

ultraviolet-visible spectrophotometer (Model 1200, 

Shanghai Meipuda Instrument Co. Ltd, China) was 

used for quantifying AR polysaccharides. 

Pre-treatment of AR slices 

The slices were pulverized and passed through a 

50-mesh sieve. Then, 100 g powder was 

ultrasoniced by 500 mL of 60~90% petroleum ether 

at normal temperature (about 25°C) for 40 min and 

filtration. The filtrate was discarded, the solvent in 

the filter residue evaporates to obtain AR degreased 

powder. 

Extraction of APS with cellulase 

AR degreased powder (5.0 g) was placed into a 

flask and added with distilled water obtain a 

material-to-water ratio of 1:30 (g/mL). The mixture 

was heated in a water bath for 120 min at 

designated dosage of enzyme, pH and temperature. 

After enzymolysis process, the extract was rapidly 

heated for 10 min in boiling water bath, cooled, 

filtered. The filtrate was concentrated and 

precipitated in three times the volumes of 95% 

ethanol, then let it stand for about 15 h. The 

polysaccharide precipitate was collected by 

centrifugation at 3000 r/min for 25 min, washed 

with anhydrous ethanol.  The precipitate was dried 

in an oven at 60°C to get the crude enzymatic 

extraction polysaccharide (APS-E). 

Optimization of cellulase-assisted enzymatic 

extraction conditions 

A single factor experimental design was used to 

determine optimal extraction conditions including 

dosage of cellulase (ranging from 0.5 to 2.0%), pH 
value (ranging from 4.0 to 7.0, pH was adjusted to 

the desired value with 1 mol/L HCl and 1 mol/L 

NaOH), and temperature (ranging from 35 to 65°C) 

[12-14]. One factor was changed, while other 

factors kept constant in each experiment. The 

contents of total polysaccharides as the evaluation 

index, the optimal extraction conditions were 

determined. 

Extraction of APS with water reflux as the 

control group 

The water reflux extraction was carried out 

using the same material-to-water ratio 1:30 (g/mL) 

and the same time of extraction (120 min). AR 

degreased powder (5.0 g) was added into a flask 
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with 150 mL of water，the mixture was refluxed 

for 120 min at 90°C, and then filtered. The filtrate 

was concentrated and then submitted to the same 

steps that were taken in the cellulase extraction to 

get the crude water extraction polysaccharide 

(APS-W) as the control group. 

Content determination for total polysaccharides 

with UV-vis spectrophotometry 

Total polysaccharides were quantitatively 

analyzed by anthrone-sulfuric acid method using 

glucose as the standard monosaccharide.  

1. Drawing of glucose standard curves 

12.5 mg of glucose standard monosaccharide 

was weighed precisely, transferred quantitatively 

into a 50 mL volumetric flask after dissolution with 

distilled water to prepare the corresponding 

standard store solution (250 μg/mL), then stored in 

a refrigerator at 4°C. When in use, the solutions 

with mass concentration of 12.5, 15,17.5, 20, 22.5, 

and 25 μg/mL glucose standard solution were 

prepared, and the mixed liquor was shaken well, 

then 5.0 mL of 0.2% anthrone-sulfuric acid solution 

(100 mL of 80% concentrated sulphuric acid was 

added to 0.2 g of anthrone, it was prepared when it 

was needed) was added, respectively. After the 

mixed liquor was heated for 5 min in a boiling 

water bath，it cooled down at room temperature．
The absorbance values (OD) of these solutions 

were measured by UV-vis spectrophotometer at the 

maximum absorption wavelength for making 

standard curves with corresponding gradient 

concentration.  

2. Methodological verification of the precision 

In order to verify the precision of the method, 

the OD values of the glucose standard solution (15 

μg/mL) were measured six times under the 

maximum absorption wavelength, and the relative 

standard deviation (RSD) (%) value of these six 

measured OD were calculated.  

3. Methodological verification of the stability 

and the repeatability 

In order to verify the stability of the method, the 

test sample solution (APS-E, 18 μg/mL) was 

determined every 10 min and lasted for 50 min 

under the maximum absorption wavelength, and 

their OD values were used to calculate the RSD (%) 

as the stability. Furthermore, the RSD (%) of the 

other six portions same concentration solution were 

also tested for the repeatability of the method. 

4. Methodological verification of the accuracy 

The accuracy of the method was appraised by 

recovery experiments. The nine samples (APS-E, 

18 μg/mL, 1 mL) of known concentrations were 

divided into three groups, and then each group was 

added with different amounts of glucose standard 

(7.5, 15, 23 μg), respectively. Nine portions 

solutions were diluted with distilled water and the 

OD values were measured under the maximum 

absorption wavelength, to calculate the recovery 

rate according to Eq. (1):  

The recovery rate (%) = (the measured 

quantity after added standard substance – the 

known quantity of sample) × 100% / the mass 

of added standard substance                           (1) 

5. Content determination for total 

polysaccharides from AR 

Polysaccharides of APS-E and APS-W were 

formulated into a test solution of 18 μg/mL with 

distilled water, respectively. The OD values of 

samples were determined at the wavelength of 612 

nm to calculate total polysaccharides content (%) 

according to standard curve. The content was 

calculated as shown in the Eq. (2):  

polysaccharide concent (%) = (C × D) /  W 

×100%                                                     (2) 

where: 

C - glucose concentration in the sample, μg/mL; 

D - the dilution volume, mL; 

W - mass of AR, μg. 
 

 
Fig.1. Results of wavelength scanning for glucose 

standard solution and test solution 

RESULTS AND DISCUSSIONS 

The content determination for total 

polysaccharides 

1. Drawing of glucose standard curves  

The content of total polysaccharides was 

determined by UV-vis methods. UV wavelength 

scanning for standard solution and test solution 
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were showed in Fig.1. With wavelength scanning 

from 400 to 700 nm, the maximum absorption of 

standard sample and test sample at 612 nm. Using 

UV method, the linear regression equation of 

glucose was equal to Y = 0.0289 X - 0.0068 (Y was 

OD value, X was glucose concentration), of which r 

= 0.9995, range of linearity was 12.5~25 μg/mL. 
 

2. Results of methodological verification 

According to the results of UV method 

evaluation, the RSD (%) of the precision, stability 

and repeatability of the experiments is 0.2%, 1.9% 

and 1.0%, respectively. They were all with in 2%. 

The results of recovery rate were shown in Tab.1. 

Table 1. The results of recovery rates  
---------------------------------------------------------------------------- 

Mass         Mass         Measured    Recovery   Average       RSD 

of sample  of glucose   amount       rate          recovery rate 

---------------------------------------------------------------------------- 

μg           μg             μg               %              %                  % 

---------------------------------------------------------------------------- 

15.5   7.8         23.2           98.7   

15.5      7.7         23.3      101.3    

15.5           7.8  23.2        98.7    

15.5            15.5           30.7           98.1 

15.5            15.5           30.7           98.1          99.2               1.3 

15.5            15.5           30.6           97.4 

15.5            23.2           38.8          100.4 

15.5            23.1           38.7          100.4 

15.5            23.2           38.7          100.0 

---------------------------------------------------------------------------- 

From recovery rates data, the recovery rates of 

glucose were within the limits (95.0~105.0%). All 

of these methodological verification could met the 

requirements of quantitative analysis. 

Single factor experiments analysis 

The optimal conditions for enzymatic hydrolysis 

of factors were obtained by single factor test in the 

preliminary experiments.  

1. Effect of dosage of cellulase on content of 

polysaccharides 

In order to study the effect of different dosage of 

cellulase on the content of APS, the extraction was 

performed at different dosage of cellulase (0.5%, 

1.0%, 1.5% and 2.0%), keeping the pH value, raw 

material to water ratio, temperatures and time 

constant at pH 5.0，1:30 g/mL, 120 min, and 55°C, 

respectively. As shown in the Fig.2a, with the 

increasing dosage of cellulase, the content of 

polysaccharides growed to top and decreased 

afterward. Generally, high dosage of cellulase 

promotes the diffusion of polysaccharides from the 

cells. When the amount of enzyme reaches a certain 

value, such as 1.5%, the reaction with the substrate 

will reach a saturated state, and if excessive enzyme 

is added at this time, the dissolution of 

polysaccharides will be blocked. Therefore, 1.5% 

was chosen as the optimum dosage of cellulase.   

 

 

Fig.2. Results of single factors experiments (a) dosage 

of cellulase (b) pH value (c) enzymolysis temperature 

2. Effect of pH value on content of 

polysaccharides 

As shown in Fig.2b, the effect of pH value on 

content of polysaccharides was investigated. The 

pH value was changed from 4.0 to 7.0, while the 

other extraction conditions were:  dosage of 

cellulase 1.5%, raw material to water ratio 1:30 

g/mL, time 120 min, and temperature 55°C. The 

content increased with pH until it was up to 5.0 and 

then began to decrease. So, 5.0 was chosen as the 

optimum pH value. 

3. Effect of temperature on content of 

polysaccharides 

Extraction was performed at different 

temperatures (35, 45, 55, and 65°C). The dosage of 

cellulase was 1.5%, the raw material to water ratio 

was 1:30 g/mL, the time was 120 min and the pH 

was 5.0. Generally, high temperature promotes the 

diffusion of polysaccharides from the cells, which 
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indicates that lower temperature might prevent the 

degradation of polysaccharide and assure its 

bioactivities. As shown in the Fig.2c, at first the 

content increased, and when 55°C, it subsequently 

decreased with increasing temperature. Hence, 

55°C was deemed as the optimal temperature.  

According to the single factor experiments, the 

extraction conditions were optimized as follows:  

dosage of cellulase, 1.5%; temperature, 55°C and 

pH value, 5.0.  

The content determination for total 

polysaccharides of AR 

The total polysaccharides content of AR 

samples obtained with cellulase-assisted treatment 

under the optimized extraction conditions (dosage 

of cellulase, 1.5%; temperature, 55°C and pH value, 

5.0) and in control group were 4.82% (n=3) and 

1.56% (n=3), respectively. This  results suggest that 

although, the content of cellulase-assisted method 

used to extract polysaccharide was a litter lower by 

far，but the macromolecules in AR were extracted 

quickly and transformed into small molecules with 

molecular weight less than 10 kDa on the basis of 

simulating the temperature and enzyme-like 

environment, with which cellulase enzymes are 

more easily to break down plant cell walls and 

could be absorbed effectively by the digestive tract 

in the human body. Therefor it provides theoretical 

reference for further development APSs. 

CONCLUSIONS 

    The macromolecules in AR were extracted 

quickly and transformed into small molecules, 

because cellulose-assisted method extracted 

polysaccharides reduce the molecular weight of 

polysaccharides, break the long-chain structure of 

the original polysaccharides, thus releasing more 

active units, and do not destroy the polymerization 

structure of the active units, so that the relative 

molecular weight of the polysaccharide is kept at a 

suitable low level, for example, less than 10 kDa, 

on the basis of simulating the temperature and 

enzyme-like environment, which could be absorbed 

effectively by the digestive tract in the human body 

[15]. So, the cellulase-assisted method provides 

reference value for the extraction of bioactive 

polysaccharides by multiple enzyme extraction or 

the combination on other extraction technology 

with enzyme extraction technology, also provides 

theoretical basis for later pharmacological and 

pharmacokinetic studies. 
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Stronger antioxidant and hepatoprotective components generated from Rubiaceae 

Hedyotis diffusa with biotinidase in the field of new biological energy technology 

Y. Sun, Y. Qi, M.J Zhang, Y.L. Li* 
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Biological enzymes, as innovative biological technology in the field of new energy, were used in preparing the total flavonoids of 

Rubiaceae, Hedyotis diffusa in this study. The differences of the flavonoid compositions, contents, antioxidant and hepatoprotective 

activities on HL-02 cells damaged by H2O2 were compared between the new biotinidase energy and traditional technology.What’s 

more, the antioxidant activity screening was investigated by H2O2-damaged HL-02 cells. The protection rates of total flavonoids and 

active components of Hedyotis diffusa on H2O2-damaged HL-02 cells were determined by MTT method, and the contents of ALT, 

AST, LDH, and ALP in cell culture medium were measured to investigate the liver protection of total flavonoids of Hedyotis diffusa. 

The results showed that the contents of isoflavones extracted by the new biological enzymatic energy technology were significantly 

higher than those by traditional reflux extraction, ultrasonic method and ultrasound-assisted enzymatic extraction method (p<0.05). 

The biological enzyme as new biological energy source could obtain new components with stronger antioxidant and hepatoprotective 

activities in Hedyotis diffusa, which was beneficial to the development and utilization of biological technology in the field of new 

energy. 

Keywords: New biotinidase, total flavonoids, Hedyotis diffusa, biological energy source technology, antioxidant and 

hepatoprotective activties 

 

 

INTRODUCTION 

Hedyotis Diffusa is an annual herb, which 

attributed to the Rubiaceae and mainly distributed 

in the south of China and some Asian countries, 

such as Indonesia, Japan, Malaysia, Nepal, 

Thailand [1] and so on. Flavonoids are one kind of 

the main components of Hedyotis diffusa that exert 

various pharmacological activities including 

antioxidant, hepatoprotective and anti-tumor and so 

on [2-4]. The manufacture technologies of plant 

flavonoids are mainly divided into traditional 

preparation technology and modern extraction 

technology based on the energy pattern used for 

industrial applicability and environmental 

protection [5].  

In this research, biological enzymes were used 

in preparing the total flavonoids of Rubiaceae, 

Hedyotis diffusa. The principle of the enzymatic 

technology in field of biological new energy is 

using the special biological enzymes to better 

release and extract biologically active 

substances  by destroying their cell walls. It could 

also break down impurities such as protein, starch 

and pectin, and improve the productive rate of 

target  biological  activity  components.  Enzymatic  
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production was used in combination with solvent 

extraction for the first time  in this  study. It has  the 

advantages of low cost, high productive rate, strong 

specificity and reliability, simple operating 

equipment and environmental protection, which 

was suitable for industrial production by using new 

biological enzymes technology [6]. Compare the 

total flavonoids and active components of Hedyotis 

diffusa prepared by enzymatic energy with those 

prepared by the traditional productive technologies 

(reflux, ultrasonic method and ultrasound-assisted 

enzymatic extraction), there were differences in 

contents and pharmacological antioxidant and 

hepatoprotective activities remain to be further 

investigated.  

Immediately following, 3-(4,5-dimethyl-2-

thiazolyl)-2,5- diphenyl-2-H-tetrazolium bromide 

(MTT)  was used to detect cell viability for 

screening active ingredients with antioxidant and 

liver-protecting activities [7]. This new biological 

enzymes energy technology would be instructive 

for future investigation on stronger antioxidant and 

hepatoprotective components generated from 

natural safe and non-toxic plant thereon which 

natural drugs would be established. 

 

© 2021 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 
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EXPERIMENTS 

Materials and Reagents 

Hedyotis diffusa was collected from Jiangxi and 

certified by Professor Tianai Gao from Shanxi 

Provincial Food and Drug Inspection Institute. 

Biological cellulase: 30 units/mg (Zhejiang Yinuo 

Biotechnology Co., Ltd., food grade). Macroporous 

adsorbent resin AB-8 was purchased from Chengdu 

Grecia Chemical Technology Co., Ltd. HL-02 cells, 

RPMI-1640 medium, fetal bovine serum, 0.25% 

trypsin were purchased from Wuhan Dr. Biotech 

Co., Ltd. Dimethyl sulfoxide (DMSO), hydrogen 

peroxide, penicillin and streptomycin, MTT were 

obtained from Beijing Solibao Technology Co., 

Ltd. Alanine aminotransferase (ALT), aspartate 

aminotransferase (AST), alkaline  phosphatase 

(ALP) and lactate dehydrogenase (LDH) assay kits 

were purchased from Nanjing Jiancheng 

Biotechnology Research Institute. The experimental 

water was distilled water, and other  reagents used 

were chromatographically grade. 

Apparatus Total Flavonoids Preparetion 

The total flavonoids of Hedyotis diffusa were 

extracted by biological enzymatic technology(A), 

reflux technology (B), ultrasonic technology (C) 

and ultrasound-assisted technology (D). Before 

extraction, Hedyotis diffusa were dried, grinded and 

sieved  to get the solid powder (60 mesh). The solid 

powder would be ultrasonically treated with 

petroleum ether (1g:20mL) for 30minutes for 

degreasing, and dried and cooled. The extractions 

were as follow, all the processes were optimized. In 

enzymatic technology, 0.5% biological cellulase 

was added to per 1g of degreased sample and 

extracted at 55℃ for 1.5h in 30mL 50% ethanol 

solution with pH 5.0. The ultrasound-assisted 

method was performed in an ultrasonic cleaner 

according to the above process. Both reflux and 

ultrasonic processes used 50% ethanol as the 

extraction solvent, and the material-liquid ratio was 

1:30. Then extracted for 1.5h under reflux at 80℃ 

or ultrasonic conditions, respectively. The four 

extracting technologies were purified by 

macroporous adsorption resin AB-8, and finally the 

total pure flavonoid extracts of Hedyotis diffusa 

were obtained. 

Cell Culture 

HL-02 cells were cultured in RPMI-1640 added 

with 10% heat-inactivated FBS, 100 U/mL 

penicillin and 100 μg/mL streptomycin in a 

constant temperature incubator with 5% CO2 at 

37℃. According to cell growth, subculture was 

carried out for 2 days to ensure that all cells used 

for the experiment were in a logarithmic growth 

phase. The normal control group cultured with 

RPMI-1640. The model group cultured with 200 

μmol/L H2O2. The administration groups treated 

with 125, 62.5, 31.25 μg/mL total flavonoids 

prepared by different technologies and compounds 

including vitexin, isovitexin, naringin, genistein, 

apigenin and chrysin (16, 8, 4 μmol/L, 

respectively). Bifendate (12 μmol/L) was given as 

positive control group. The survival rates of HL-02 

cells were determined by MTT method.  

Screening for Liver Protective Activity 

The model of H2O2-induced HL-02 injury was 

used to investigate the protective effects of total 

flavonoids on liver damage. H2O2 at different 

concentrations (50, 100, 200, 400, 600, 800 

μmol/L) were applied to HL-02 cells for 4h. The 

absorbance (OD) value was measured by MTT 

method and the cell survival rates were calculated 

to determine the appropriate modelling 

concentration of H2O2. The administration groups 

and the positive control group were treated with the 

samples as in “3” for 12 h in advance. 125 μmol/L 

bifendate was used as a positive control. After 

treatment according to the above method, the OD 

was measured and the protection rates for HL-02 

cells were caculated: Protection rate (%) = 

(ODadministration group-ODmodel group) / (ODcontrol group-

ODmodel group)× 100%. 

Optimization of cellulase-assisted enzymatic 

extraction conditionsDetermination of ALT, AST, 

LDH and ALP in Supernatant 

The in vitro activities of hepatocellular leakage 

ALT, AST, LDH and ALP were assayed as markers 

and indices of hepatotoxicity of HL-O2 cells. HL-

02 cells in logarithmic growth phase were digested 

with trypsin and seeded in 12-well plates, cultured 

for 24h. After collected, the contents of AST, ALT, 

LDH and ALP in the cell culture media were 

measured according to the instructions of the kits. 

The activities were expressed as the percentages of 

the activities over the corresponding control groups. 

Data Analysis 

T-test analysis was used to compare the 

differences between different groups. When p < 

0.05, there was a statistical difference. All 

experiments were repeated at least 3 times in 

parallel. 
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RESULTS AND DISCUSSIONS 

Concentration Selection of H2O2 Modeling 

The survival rates of H2O2 at concentrations 

(50~800μmol/L) on HL-02 cells were shown in 

Fig.1. The results showed that the survival rate of 

HL-02 cells decreased with the increase of H2O2 

concentration. When the concentration of H2O2 was 

200μmol/L, the cell survival rate was about 60%, 

which was significantly lower than that of the 

control group ( p < 0.05). So, the concentration 

200μmol/L of H2O2 was selected for hepatocyte 

damage modeling. 

 

Fig.1. Cell survival rate of HL-02 cells by different 

concentrations of H2O2. * (p<0.05), ** (p<0.01) 

indicated that there was a significant difference from the 

model group; ## (p<0.01) indicatesd that there was a 

significant difference from the control group 

Screening for Liver Protecive Activities 

Furthermore, as shown in Fig.2, the highest 

protection rates of biological enzymatic technology 

(sample A) were obtained among four extraction 

technologies,respectively. It was up to 59.30 ±
0.81% and even more higher than the positive 

control bifendate at 125μg/mL. The 

hepatoprotective activity of total flavonoids 

prepared by enzymatic technology was also 

significantly  higher than those of total flavonoids 

prepared by other method at the same concentration 

(p<0.05).  

Determination of hepatotoxicity and antioxidant 

pattern 

Once hepatocytes are damaged, ALT, AST, 

LDH and ALP will be released out of cells into the 

culture medium. So, they are frequently used as 

biomarkers of hepatotoxicity. When liver damage 

occurs, a large amount of those would be released 

and the contents were significantly increased. 

Herein, the activities of ALT, AST, LDH and ALP 

in cellular supernatant were tested in order to 

further investigate the protective effects of total 

flavonoids of Hedyotis diffusa prepared by different 

methods on HL-02 cell injury induced by H2O2. 

They were significantly elevated in model groups 

compared with the control groups (p< 0.01) (shown 

in Fig.3-6).  
 

 
Fig.2. Protective activities of total flavonoids 

prepared by four different technologies. A, biological 

enzymatic technology; B, reflux technology; C, 

ultrasonic technology; D, ultrasound-assisted 

technology. * (p<0.05), ** (p<0.01) indicated that there 

was a significant difference from the model group; ## 

(p<0.01) indicatesd that there was a significant 

difference from the control group. 
 

 

Fig.3. Detections of AST for hepatotoxicity and 

antioxidant pattern in H2O2-induced hepatotoxic HL-O2 

cells for 24h. Bifendate (5mg/mL) was as positive 

control. A, biological enzymatic technology; B, reflux 

technology; C, ultrasonic technology; D, ultrasound-

assisted technology. ##(p<0.01) indicated there was a 

significant difference compared with control group; a* 

(p<0.05), a** (p<0.01) indicated that there was a 

significant difference compared with model group; b* 

(p<0.05) indicated there was a significant difference 

compared with sample A (biological enzymatic 

technology) 
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Fig.4. Detections of ALT for hepatotoxicity and 

antioxidant pattern in H2O2-induced hepatotoxic HL-O2 

cells for 24h. Bifendate (5mg/mL) was as positive 

control. A, biological enzymatic technology; B, reflux 

technology; C, ultrasonic technology; D, ultrasound-

assisted technology. ##(p<0.01) indicated there was a 

significant difference compared with control group; a* 

(p<0.05), a** (p<0.01) indicated that there was a 

significant difference compared with model group; b* 

(p<0.05) indicated there was a significant difference 

compared with sample A (biological enzymatic 

technology) 

 

 
 

Fig.5. Detections of LDH for hepatotoxicity and 

antioxidant pattern in H2O2-induced hepatotoxic HL-O2 

cells for 24 h. Bifendate (5mg/mL) was as positive 

control. A, biological enzymatic technology; B, reflux 

technology; C, ultrasonic technology; D, ultrasound-

assisted technology. ##(p<0.01) indicated there was a 

significant difference compared with control group; a* 

(p<0.05), a** (p<0.01) indicated that there was a 

significant difference compared with model group; b* 

(p<0.05) indicated there was a significant difference 

compared with sample A (biological enzymatic 

technology) 

 

Fig.6. Detections of ALP for hepatotoxicity and 

antioxidant pattern in H2O2-induced hepatotoxic HL-O2 

cells for 24h. Bifendate (5mg/mL) was as positive 

control. A, biological enzymatic technology; B, reflux 

technology; C, ultrasonic technology; D, ultrasound-

assisted technology. ##(p<0.01) indicated there was a 

significant difference compared with control group; a* 

(p<0.05), a** (p<0.01) indicated that there was a 

significant difference compared with model group; b* 

(p<0.05) indicated there was a significant difference 

compared with sample A (biological enzymatic 

technology) 

 

While, treatment of total flavonoids in cell 

supernatant at 31.25, 62.5, 125 μg/mL significantly 

reduced ALT, AST, LDH and ALP contents, which 

revealed a remarkable improvement in a dose-

dependent manner compared with the model groups 

and positive control bifendate (125 μg/mL), as 

shown in Fig.3-6. At 62.5, 125 μg/mL, the effect of 

total flavonoids prepared by biological enzymatic 

technology (sample A) on reduce the content of 

AST and LDH were significantly higher than those 

of other three method at same concentrations 

(p<0.05).  

CONCLUSIONS 

Biological enzymes, as innovative biological 

technology in the field of new energy, had been 

widely used in various fields, including food raw 

material development, wastewater treatment and 

plant extraction applications. What’s more, the 

effects of total flavonoids prepared by enzymatic 

method on reducing the contents of AST and LDH 

and protecting the H2O2-induced liver damage were 

significantly higher than those of other three 

method (p<0.05). In conclusion, the innovative 

biological enzymatic technology could improve the 

contents of active ingredients (about 3.5 times or 

more) with hepatoprotective effect. The total 
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flavonoids prepared by biological enzymatic 

technology had more effective on antioxidant and 

hepatoprotective activities. The biological enzymes 

as new biological energy source could obtain new 

components with stronger antioxidant and 

hepatoprotective activities in Hedyotis diffusa, 

which was beneficial to the development and 

utilization of biological technology in the field of 

new energy. 
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